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Preface 


Progressive opportunities in international markets have led to significant new 
competitive pressures on industry. Recently, this has resulted in changes in 
organizational structures at the product design level through the prologue of 
computer-integrated manufacturing (CIM) and concurrent engineering (CE) 
philosophy, and now in changes in industry structures as companies build 
worldwide manufacturing relationships. Taking these issues into consideration 
leads to a recognition that the integration between design and manufacturing needs 
to be made to ensure business competitiveness. If such integration is successful, 
the product life cycle will decrease, which leads to low manufacturing costs. 


With the increased improvement of (CIM) systems, a further improvement of 
automated design and manufacturing has become an important need. In order to 
achieve the integration of design and manufacturing, understanding how 
manufacturing information can be obtained directly from CAD system must be 
addressed. 


Computer-aided design (CAD) and computer-aided manufacturing (CAM) 
systems are based on modeling geometric data. The usefulness of CAD/CAM 
systems is the ability to visualize product design, support design analysis, and link 
to the generation of part programmers for manufacturing. However, CAD/CAM 
systems need the standardization that gives them the ability to communicate to 
each other. Different CAD or geometric modeling packages store the information 
related to the design in their own databases and the structures of these databases 
are different from each other. As a result no common or standard structure has so 
far been developed that can be used by all CAD packages. For that reason, in this 
book, a new methodology to extract manufacturing entities from IGES standard 
format that has the ability to communicate with various CAD/CAM systems is 
developed and presented. This approach aims to achieve the integration between 
CAD and CAM. 


Because of the increased development of manufacturing technology, a new 
generation of customers has appeared. These customers have forced organizations 
to look for new methods and techniques to improve their business processes and 
speed up the product development cycle. As a direct result of this, the industry is 
required to apply new engineering philosophies such as rapid response to 
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manufacturing (RRM). The RRM concept uses the knowledge of previously 
designed products in support of developing new products. 


The RRM environment is developed by integrating technologies such as 
feature-based CAD modeling, knowledge-based engineering for integrated product 
and process design, and direct manufacturing concepts. Product modeling within 
RRM requires advanced CAD technology to support comprehensive knowledge 
regarding the design and fabrication of a product. This knowledge-intensive 
environment utilizes knowledge-based technologies to provide a decision support 
utility throughout the design life cycle. 


Rapid prototyping (RP) is a technique for direct conversion of three- 
dimensional CAD data into a physical prototype. RP allows for automatic 
construction of physical models and has been used to significantly reduce the time 
for the product development cycle and to improve the final quality of the designed 
product. In the RP process, thin horizontal cross sections are used to transform 
materials into physical prototypes. In this process, CAD data are interpreted into 
the stereolithography data format. Stereolithography or “STL” is the standard data 
format used by most RP machines. An example of a triangulated surface using the 
STL format is illustrated in Figure 1. 


Figure 1. Triangulated surface 


The primary purpose of this text is to present the principles and applications of 
computer-aided design and manufacturing and to provide a comprehensive 
collection of the latest research and technical work in the area of rapid prototyping 
and collaborative engineering. This book was developed to serve as a resource for 
researchers and practitioners. It can also be used as a textbook for advanced 
graduate studies in product design, development, and manufacturing. The upper 
level undergraduate students in a mechanical, industrial, manufacturing, or 
aerospace engineering curriculum are perfect candidates for a course based on this 
text. The book can also be used as a supplement to any manufacturing texts that 
are currently adapted. Also, this book can be used as a reference text for industrial 
and academic practitioners who are interested in CAD/CAM fields. 
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The book consists of four sections: (1) Product Design, (2) Feature-based 
Design and Techniques, (3) Feature-based Process Planning and Techniques, and 
(4) Advanced Topics. Below is a description of each chapter’s content: 


Chapter 1: Product Development Life Cycle. This chapter provides the 
concept of product development life cycle, the importance of product 
development during the product development life cycle, the major phases 
of product development process, benchmarking, the systematic procedure 
of generating concepts, and the general guidelines that are used in design 
for manufacture and assembly. 

Chapter 2: Product Life Cycle Cost Model. This chapter discusses the 
important characteristics of the manufacturing environment, the role of 
computers in manufacturing systems, the elements of cost breakdown in 
manufacturing systems, cost estimating in manufacturing, the objectives 
and methods of cost estimating in the manufacturing environment, the 
detailed computerized method that is used in cost estimating, and 
computer-aided cost estimating (CACE). 

Chapter 3: Compute-based Design and Features. This chapter provides an 
overview of computer-aided design and manufacturing (CAD/CAM), the 
most important reasons of using CAD systems in the manufacturing 
environment, | computer-integrated manufacturing (CIM), the 
implementation of the automation in the production organization, the role 
of CAD/CAM systems in the manufacturing facility, the CAM cycle in a 
feature-based design environment, and the different types of features. 
Chapter 4: Methodologies of Feature Representations. This chapter 
presents discussions related to feature representation methodologies. It 
includes the definition of features, wireframe modeling, surface modeling, 
boundary representation (B-rep), constructive solid geometry (CGS), and 
definition of interacting features. These methods are used to facilitate the 
feature recognition process. 

Chapter 5: Feature Extraction Techniques. This chapter presents a brief 
review of the previous work on the related topics of feature representation 
and recognitions. The first section describes previous research efforts in 
the area of feature representation. Previous research in the area of feature 
recognition is described in the second section. 

Chapter 6: Initial Graphics Exchange Specifications (IGES). This chapter 
presents discussions related to a standard product data format of an object 
which considered as the most important tool toward the standardization of 
product data and at the same time towards the compatible exchange of 
information among various CAD and CAM systems. The IGES format is 
addressed in details as one of the popular standard format. 

Chapter 7: Intelligent Feature Recognition Methodology. This chapter 
provides a methodology for feature analysis and extraction of prismatic 
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parts for CAM applications is developed and presented. This approach 
aims to achieve the integration between CAD and CAM. 

Chapter 8: Feature Interaction Methodology. This chapter provides a 
methodology for feature interaction of prismatic parts for CAM 
applications. Classification of interacting features is also addressed. 
Chapter 9: Mapping the Extracted Manufacturing Features to Process 
Planning. This chapter provides a detailed methodology for mapping all 
the extracted manufacturing features to the process planning point of view 
as an application of CAM. 

Chapter 10: Intelligent Feature Recognition Methodology (IFRM) 
Implementation. This chapter presents the implementation of the 
intelligent feature recognition methodology (IFRM). Basically, IFRM 
consists of two major stages: CAD interface and feature recognition 
program. Moreover, illustrative examples are presented for demonstration 
purposes. 

Chapter 11: Rapid Prototyping. This chapter provides an overview of the 
rapid systems: stereolithography (SLA), solid ground curing (SGC), 
laminated object manufacturing (LOM), selective laser sintering (SLS), 
direct shell production casting (DSPC), and fused deposition modeling 
(FDM). 

Chapter 12 Collaborative Engineering. The chapter provides the concept 
of collaborative engineering. The framework described in this chapter 
confirms design assumptions and predicts product performance in the 
early stages of the design process. This results in a faster product 
development cycle—with lower associated costs—achieved by eliminating 
the need to constantly build, test, and redesign. 


Emad Abouel Nasr, Ph.D. 
Ali K. Kamrani, Ph.D. 
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Part I: Product Design 


Chapter 1 


Product Development Life Cycle 


1.1 Introduction 


The product development life cycle is a sequence of all the required 
activities that a company must perform to develop, manufacture, and sell a 
product. These activities include marketing, research, engineering design, 
quality assurance, manufacturing, and a whole chain of suppliers and 
vendors. The process also comprises all strategic planning, capital 
investments, management decisions, and tasks necessary to create a new 
product. 

An important part of product development is the engineering design 
process, which can be defined as the process of devising a system, 
component, or process to meet desired needs.*° Engineering design consists 
of several sequential and/or parallel activities that begin with identifying a 
need and conclude with a ready-to-manufacture product (prototype). The 
prototype is considered to be the first product completed in the production 
process. It is produced by using all manufacturing processes and test 
procedures called for by the design drawings and specifications. 


1.2 The Evolution of Product Development 


Product development is evolving from a sequential process carried out 
primarily by engineers to an integrated process incorporating a cross- 
functional team. Similar steps are followed in either case, but they are 
accomplished concurrently and with higher speed in the integrated process 
environment. 

Four logical groups of activities can be identified in product 
development’: 

1. Identifying an opportunity or demand for a new product 
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2. Creating the technical specifications for the new-product idea 
3. Developing the manufacturing process to produce the new product 
4. Fabricating the new product 


In the first group, markets or potential markets are analyzed to generate 
customer needs, meaning the customer will eventually generate the 
requirements for the desired product features and functions. Market 
information is usually compiled by marketing specialists, who translate it 
into a set of product features or product descriptions that are intended to 
satisfy a certain target customer base. This process also includes analyzing 
other products that meet the target needs, offered by competitors, to find 
their points of both strength and weakness so that efforts can be made to 
overcome weaknesses and improve desired features. Selling-price ranges are 
also estimated at this point by analyzing the pricing of similar products. 
This, in addition to a value of desired profit margin, will set the criteria for 
the economic feasibility of the new product. These data are translated into 
cost and quality specifications.’ 

The next step is to formulate the product into a concept based on the 
product feature set identified by marketing in the previous step, i.e., a first 
vision of how the product will look and perform is created. Then the 
technical specifications of the product are developed. Using this initial 
conceptual vision, the design process proceeds to design and test the product 
until a preliminary design is completed. Then a prototype can be created and 
tested to make sure that the product is functioning as it should. The 
prototype is considered the first finished product in the sense that it must be 
produced using all the manufacturing processes that the actual products will 
go through. Prototype testing may reveal a need for design modification; 
thus, the design will be refined and a new prototype produced. This will 
continue until no more modifications are required. The next step is to 
finalize the product documentation, and then the manufacturing process 
development may be initiated.’*’ 

Manufacturing processes must be created so that the product can be 
produced in the production facility. Purchasing new equipment and training 
workers may be required if new technology is to be used. Tools, fixtures, 
and the sequence of steps in the manufacturing processes must all be 
developed to allow rapid, high-quality, cost-effective production. Also, it 
may be necessary to rearrange the production facility to adapt to the new 
manufacturing processes. 

After the product design and development of manufacturing processes 
are compeleted, the business of producing and shipping the product begins. 
Raw materials can be purchased, and the production facility can go into 
operation. During first production periods some problems may arise as a 
result of technical production problems, which will lead to design 
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modification to resolve these new problems and reach the expected 
production rate with the intended quality.'°° 


1.3 Sequential Product Development 


In the traditional development environment, each of the four logical 
groups occurs sequentially (Figure 1-1). Research precedes the development 
of the new product concept, then concepts are developed by the research and 
development department through an iterative process until an agreed upon 
concept is found. After that, a formal description of the concept is sent to the 
engineering department (design department), where a sequence of design 
work, review, and rework of design takes place as the concept is being 
developed. When the design is completely finalized it is “released” to 
manufacturing to define the manufacturing processes. An important step that 
is included in the manufacturing work is to determine which components 
will be made and which will be purchased. When the manufacturing 
department finishes its study and a make/buy decision is reached, other 
departments such as those responsible for production planning and procuring 
materials can start to act. Finally, materials must be ordered, necessary 
production equipment installed, workers trained, and the product produced 
and shipped.° 


Market 
Analysis & R&D 


; Process : 
Series of Engineering Changes 


Figure 1-1, Sequential product development 


The division of labor among distinct and separate departments prescribes 
this sequential nature of the steps. By the time a product is produced, each 
department will have performed its role in the long sequence of events 
leading to the production of this new product. For the most part, each 
department has completed its work within its own functional area, consulting 
other departments only to obtain information needed or to review the results 
of a task in the sequence. The development process takes a relatively long 
period of time because of the nature of the sequential operations. Also, 
technical problems can occur as a result of the lack of communication 
between functional borders. Technical problems can cause rework, scrap, 
and customer complaints in addition to design changes if discovered later. 
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1.4 Simultaneous/Integrated Product Development 


The main disadvantage of the sequential method is the weakness of links 
between the functional departments that should be cooperating to develop a 
new product. To overcome this weakness, it is necessary to change the steps 
of development into a more simultaneous and less sequential process™, as 
illustrated in Figure 1-2. 


Concurrent 
Product/Process Design 


Manufacturing 


manufacturability assembly 


process planning DBASE ) ergonomics testing 
reliability 


analysis 


Figure 1-2. Simultaneous/integrated product development 


The change of the development steps from sequential into simultaneous 
can be facilitated by the use of the concurrent engineering (CE) 
philosophy.“°”*'” Concurrent engineering can be defined as an integrated 
and systematic approach to the design of products and their related 
processes, including manufacturing, testing, and services. Concurrent 
engineering improves quality, reduces costs, compresses cycle times, 
increases flexibility, and raises productivity as well as efficiency. 

Concurrent engineering can be implemented in an integrated product 
development environment in which concept development proceeds 
simultaneously with research into possible technologies. Engineers design 
components of the product that can be completed as information and 
technology become available. Previous designs that fit the new application 
are reused or modified, reducing engineering time. Simulation and 
prototyping occur simultaneously within engineering design activity. As 
design work progresses, development begins on the manufacturing process. 
All major functional areas participate in the design effort, and a cross- 
functional team must be formed. 
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1.5 Generic Product Development Process 


A generic product development process can be constructed starting with 
needs recognition and ending with the marketing of a finished product.'*’ 
The major phases are illustrated in Figure 1-3. 


Needs Design Conceptual Detail , : 
) specifications Design Design Production Marketing 


Figure 1-3. Product development process 


e Needs Recognition 

The goal of this stage is to explore and investigate customer wants and 
needs in an attempt to discover potential “opportunities.” Acquiring and 
using information is emphasized in this stage and can be accomplished 
through conducting market research and using available external data 
relative to the need under study and consumer behavior toward similar 
needs. 


e §=6Establishing Design Specifications 

Once a need is realized, the next step is to interpret these needs into 
technical terms and specifications capable of describing the desired 
functional characteristics of the product under study. 


e Conceptual Design 

Several design alternatives are generated and evaluated for their 
functionality and cost effectiveness. Solutions or concepts that meet the 
design specifications are generated in the form of ideas or alternatives. A 
number of design alternatives are generated with no detailed analysis of any 
alternative. At the end of this phase, the most acceptable concept is selected 
for further development and analysis. 


© Detail Design 

In this phase, specifications are refined and trade-offs are made. The 
selected concept is finalized according to the refined specification. A final 
cost analysis is performed and a prototype model is produced as the final 
step in the development process. 
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© Production 

Manufacturing processes capable of producing the parts according to the 
specified requirements are identified in this phase. Manufacturing sequence 
and manufacturing costs are also assessed. 


e Marketing 

Product promotion and distribution to the target markets occur in this 
phase. Packaging and storage requirements need to be addressed by the 
development team in order to ensure the product’s safe delivery. Following 
is a detailed discussion of each phase. 


1.5.1 Needs Recognition 


Product development begins with identifying needs. The design process 
can be identified based on an idea for a solution to an existing or identified 
need or from an idea for a product process for which it is thought a need can 
be generated.'*° The product idea needed must look promising given the 
current market situation, technology available, company needs, and 
economic outlook. 

It is important to analyze the needs clearly and in detail before launching 
the product development process. Needs analysis should be aimed at 
collecting information about the requirements that must be fulfilled by the 
product and about the existing constraints and their importance. Therefore, a 
requirement list can be formulated, which will form the basis for and guide 
the subsequent phases. Finding and analyzing needs can be performed 
systematically as illustrated in Figure 1-4. 


Parametric Analysis} 
Matrix Analysis 


Needs Analysis 


Problem 
Statement 


Needs 
Prioritizing 


Information 
Interpretation 


Acquiring 


Information 
Information i 


Analysis 


Figure 1-4. Needs recognition 


© Acquiring Information 

Different types of information are needed to recognize a need or market 
opportunity. This information includes all the necessary information about 
similar products (competitive products) obtained from published reference 
books, handbooks, and manufacturers catalogs. It is essential to obtain 
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information about registered designs, trademarks, patents, and copyrights. 
This information will be analyzed to establish a competition analysis through 
a benchmarking study. 


e Information Analysis 

At this stage all the information collected should be analyzed to gain 
greater insight about the proposed product or opportunity. The result of this 
analysis will be the preparation of a “needs” list that represents a 
comprehensive statement structured to state just what should be designed to 
satisfy the user need. Three main techniques for information analysis can be 
used'“*: parametric analysis, needs analysis, and matrix analysis. 


e Parametric Analysis 

Parametric analysis is a form of desk research that can be used as a tool 
for both marketing and engineering. It is used to perform a competition 
analysis by determining the product place in the market relative to the 
competition. Also, parametric analysis is used to gain insight into the 
structure and interrelationship between parameters inherent in the product 
under consideration by identifying the relationships between parameters for 
the particular product area under consideration. This is done by cross- 
plotting such parameters to see if a relationship exists between them. 
Figure 1-5 shows an example of a parametric plot. It is clear from the figure 
that parameter A decreases as parameter B increases. Such plots are useful 
for identifying desirable parameters and comparing different products with 
respect to some desired parameters. 


Parametric Analysis 


Parameter B 
fe>) 
oO 


0 10 20 30 40 50 60 70 80 
Parameter A 


Figure 1-5, Parametric analysis plot 
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e Needs Analysis 

The true needs of the customer—“The Voice of the Customer” (VOC)— 
is the main concern of the needs analysis. Customer needs are established by 
conducting an extensive examination of the market data, product reports, 
structured interviews, and customer questionnaires. 


© Matrix Analysis 

A matrix is drawn up with all of the features of the competitors’ 
comparable products on the vertical axis and the model type on the 
horizontal axis. The matrix is then completed to show which models 
incorporate which features; these are then summed simply and represented 
graphically on the right-hand side of the matrix. 

Figure 1-6 shows an example of a matrix analysis. It can be concluded 
from the matrix that feature F, is incorporated in 85 percent of the models 
compared, which may indicate a special importance of this feature. 


Modules 
Feature 31} Mg} - | - | -| Mn Graphic Representation of percentage 
F; 


Figure 1-6. Matrix analysis 


e Information Interpretation 

At this step, the information is translated into a detailed list of 
customer/market requirements that must be satisfied by a product. That is, 
the information gathered is interpreted into customer/market needs. A list of 
product specifications is prepared that guides the product development 
process. Although this list is not a rigid item and can be changed and refined 
when necessary, it is important to maintain the basic structure of the 
specifications in order not to violate customer needs. 


e Needs Prioritizing 

Customer/market needs specified earlier must be arranged in a 
hierarchy, beginning with the most general needs at the top level, termed 
primary needs. The primary needs will be further characterized by a set of 
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more detailed secondary and tertiary needs at the bottom levels. The needs 
hierarchy may consist of several levels; the main point here is to start with a 
general need and progress toward detailed needs. 

The needs hierarchy does not convey any importance of the needs, so 
thses should be established based on either engineering assessment of the 
needs or a customer survey. The establishment of need importance is critical 
in making a trade-off analysis and allocating design resources later on in the 
design process. The importance of needs is usually expressed using an 
ordinal scale in which the most important needs are placed at the top of the 
scale and the least important at the bottom. 


e Problem Statement 

After the needs are identified and their importance established, a 
problem statement is prepared. The problem statement is an abstraction of 
what the product is supposed to do to meet its needs. This step is very 
important for the successive steps, since it will be treated as a “mission 
statement” for the design process. 


1.5.2 Design Specifications 


Establishing the design specifications is one of the most important and 
difficult elements in the overall design process. The design specifications 
both drive and control the design throughout the process. They are especially 
important during the early phases of the design effort because they serve as 
the principal guidelines for the project team at this point in the process. The 
specifications are so critical to the ultimate design capability and its cost that 
they must be established early in the process. They have to be established 
using sound judgments, with wide and in-depth coordination among key 
participants in the process and with test and analysis support when 
appropriate. The design specifications need to be as specific to a system and 
component level as possible. Although specifications are established to be 
permanent and inviolate, they should nevertheless be continually reviewed 
and revalidated during the design process, at least until the design is frozen, 
to ensure that they continue to reflect the goals and objectives of the project. 

In order to establish the design specifications it is necessary to prepare a 
list of metrics that reflects the degree to which the product meets the 
predefined needs. Competitive benchmarking’ can be used to determine the 
relationship of the new product to the competitive products. Once the target 
values are assigned to the selected metrics and the specifications are refined, 
the next stage (conceptual design) can start. 

The process of establishing design specifications can be further 
explained by the steps shown in Figure 1-7. 
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Internal 
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Figure 1-7. Establishing design specifications 


e = =Prepare a List of Metrics 

Customer needs specified in the previous steps are translated into 
measurable characteristics that will reflect the degree to which the product 
satisfies the needs (metrics). The major assumption here is that the 
translation from customer needs to metrics is possible and each need can be 
represented by one (and only one) metric; thus, meeting the metrics will lead 
to customer satisfaction. Theoretically this assumption is valid, but there are 
needs that cannot be measured or that are difficult to represent by a single 
metric. In this case, engineers can make the assumption that satisfying more 
than one metric will eventually lead to satisfying a certain need up to an 
acceptable degree. 
A useful tool that can be used when preparing the metrics list is the needs- 
metrics matrix,'“° in which the rows of the matrix will correspond to the 
customer needs and the columns correspond to the metrics. A generic needs- 
metrics matrix is illustrated in Figure 1-8, where a mark in a cell in the 
matrix means that the need and the metric associated with the cell are 
related. The needs-metric matrix will represent the relationship between 
needs and metrics and ensure that all of the customer needs are considered. 


Metrics 
M2 M3 My 


Figure 1-8. Needs-metrics matrix 
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e Benchmarking 

Benchmarking is defined as the continual search for the implementation 
of practices that could provide a competitive edge. Companies differ in the 
way they implement benchmarking, but it is usually adapted as a corporate 
strategy used to identify the industrial leaders, promote proven techniques 
and approaches, establish meaningful goals, perform business forecasting, 
and analyze the overall internal process. Benchmarking can be categorized 
into three major categories: 


1. Internal benchmarking 
2. Competitive benchmarking 
3. Generic benchmarking 


Internal Benchmarking: in this type of benchmarking similar activities in 
various locations, departments, and units are evaluated to gain data 
accessibility. 

Competitive Benchmarking: This type of benchmarking is concerned with 
the identification and evaluation of direct competitors to obtain data relevant 
to the product under investigation and to find comparable processes in order 
to gain a competitive edge.” 

Generic Benchmarking: The objective here is to evaluate the organizations 
and their functions that are considered to be the industry standard in order to 
achieve procedure standardization. 


e Value Assignment to Metrics 

In this step, the design team synthesizes all the information acquired to 
set actual values for the metrics. Two values are usually assigned to each 
metric: one is the ideal value, which can be defined as the optimal value that 
the design team hopes to accomplish, and the other is the minimum 
acceptable value, which can be considered as the lower limit that can satisfy 
the needs. Usually, design will progress to achieve a metric value between 
the ideal and the lower limit; this is due to trade-offs performed throughout 
the design. In all cases, the design team should have the ideal value as their 
primary objective. 


1.5.3. Conceptual Design 


After the problem has been clarified and completely described, viable 
solutions are identified and the optimum approach is selected. Problem 
solutions or “concepts” are defined as an approximate description of the 
product or technology that meets the stated needs. The conceptual design 
stage is concerned mainly with the generation of solutions/concepts that 
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satisfy the needs, and it selects a concept that is most suited for matching the 
predefined design specifications. Three major steps can be identified in the 
conceptual design phase. 


1.5.4 Concept Generation 


The concept generation, or generation of ideas, begins with a defined 
problem statement that includes customer/market needs and design 
specifications and ends with several product concepts from which the design 
team will select the most suitable one. A systematic procedure may be 
followed in generating concepts as shown in Figure 1-9. 


Problem Overall Function Sub-function Function aidheaeloel Lot 
Formulation Analysis Analysis Diagram Sotations 


Figure 1-9. Concept generation 


e Problem Formulation 

Prepare an abstraction of the problem in order to broaden it out and 
clarify it so it is easier to understand the important issues. It may be 
necessary at this point to break the problem down into several easier, 
understandable, and manageable sub-problems. 


e Overall Function Analysis 

Analyze the overall function by describing what the product or system is 
supposed to do. It is important here to focus on the main functions and to 
describe functions in general terms as much as possible. Furthermore, action 
statements in the form of verb—noun should be used in representing the 
functions, i.e., “to transform materials” or “to transmit information.” 


e Sub-Function Analysis 

The overall function is now broken down into several sub-functions 
necessary for the product or the system to operate. The sub-functions, when 
reassembled, should support and lead to the accomplishment of the overall 
function. Sub-functions may be thought of as specifications or requirements 
imposed on the overall function. 


e Function Diagram 

A function diagram is a representation of the function structure, in which 
the function under study is represented by a block and the input and outputs 
are represented by arrows entering and leaving the block. 


Computer-Based Design and Manufacturing 15 


© Generation of Ideas and Solutions 

At this step, ideas and solutions for the sub-functions or the sub- 
problems are first generated and then combined together to form the overall 
function or to solve the overall problem. Ideas and solutions can be 
generated using different techniques. The development team can use 
“brainstorming,” in which a group of participants generates, in a set period 
of time, many ideas that can be used to solve the problem. Brainstorming 
sessions usually aim at producing a large quantity of ideas irrespective of 
their quality. Also, the development team can search published literature, 
patents, and catalogs for possible solutions. Interviewing users can trigger 
some ideas for solutions. A good practice in generating ideas is to try to 
reuse existing solutions or products in solving new problems. 


1.5.5 Concept Selection 


Concept selection is the process of evaluating and comparing alternative 
concepts with respect to the customer/market needs and design 
specifications, leading to the selection of the most suitable one or a set of 
concepts for further investigation and/or development. Concept selection can 
be performed according to the following guidelines in Figure 1-10. 


Select Solution Design Technical Economic Select Final 
Principles Concepts Evaluation Evaluation Concept 


Figure 1-10. Concept selection 


e Select Solution Principles 

Suitable solution principles that can satisfy the needs are selected 
individually or in combination with other solutions. Selected solutions 
should be able to perform the required function effectively and efficiently. 


¢ Combine Solution Principles into Complete Design Concepts 

The selected principles in the previous step are arranged into a complete 
conceptual design that corresponds to the overall function, that is, concepts 
that correspond to sub-functions are arranged together to form a larger 
concept that can accomplish the overall function. 
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e Evaluate Concepts Technically 

Concepts are now evaluated with respect to the degree to which they 
meet the design specifications; concepts that do not meet the specification 
are eliminated at this point. 


e Evaluate Concepts Economically 

Concepts are evaluated with respect to their cost, that is, concepts are 
investigated for their economic feasibility. Non-feasible concepts with 
unjustified high costs are eliminated. 


e Select Final Concept 

A final decision must be made among technically and economically 
feasible concepts by utilizing a scoring technique that can incorporate needs 
and customer satisfaction. 


1.5.6 Final Concept Preliminary Design 


This step of the design process bridges the gap between the conceptual 
design phase and the detailed design phase of the design effort. The final 
concept is further defined during this step; the overall system configuration 
is defined; and a schematic diagram, definition drawing, or other engineering 
documentation is developed to provide early project configuration control. 
System-level—and, to the extent possible, component-level—design 
requirements should be established during this phase of the design process in 
a manner that corresponds to the design specifications previously defined. 


1.5.7. Detail Design 


Detail design (Figure 1-11) is that part of the design in which, starting 
from a concept of a technical product, the design is developed in accordance 
with technical and economic criteria. At this phase, the design concept is 
resolved into its component parts, components are evaluated to validate 
previously established requirements, and the effect of the component 
requirements on the overall system requirements is evaluated. Also, all the 
arrangement, forms, dimensions, and surface properties of all the individual 
parts are finally laid down; the materials specified; production possibilities 
assessed; costs estimated; and all the drawings and other production 
documents produced. The intent of the detail design phase of the project is to 
develop a system of drawings and specifications that completely describes a 
proven and tested design so that it can be manufactured. 
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Figure 1-11. Detail design 


1.5.8 Component Final Design 


The overall product concept generated in the previous step is now 
designed by designing its components. Components are designed to meet the 
product specifications identified earlier. The result of the component design 
should be a component specification list, which in most cases will be part of 
the overall product specifications. The component specifications, in general, 
will contain a list of all the necessary information required to procure or 
manufacture the component such as operating parameters, component 
dimensions, materials, etc. Component final design is represented in several 
documents such as detail drawings, assembly drawings, and bills of 
materials. 


1.5.9 Cost Estimation 


The cost of producing or developing the selected concept/product is 
estimated. Justification of the trade-offs considered must also be included in 
this study. 


1.5.10 Prototyping 


A functional prototype model of the product is made at this point. 
Further investigation concerning the actual functionality and appropriateness 
of the product developed can be made on this model as a final step before 
starting production and introducing it to the market. 


1.5.11 Production 


Production process planning aims at constructing a production plan that 
utilizes the available machinery to produce products efficiently and 
effectively. Production planning begins by analyzing the detail design 
documentation, which includes information about the product’s geometrical 
features, dimensions, tolerances, materials, and surface finish. This 
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information is treated as targets that must be met. The process proceeds to 
identify the appropriate machinery capable of achieving the design targets. 
The sequence of operations is also identified. 

Design for manufacture and assembly is an important concept used in 
the production phase to gain greater insight about how the product design 
interacts with the manufacturing system and uses this knowledge to design 
better-quality products that can be produced for lower cost and in less 
time.'***'5 Design for manufacture and assembly will identify the product 
design alternatives that will facilitate the optimization of the manufacturing 
system as a whole. 

Following are some general guidelines that can be used in design for 
manufacture and assembly: 

e Simplify the Design 

The design should be simplified before production automation can be 
considered. Product design should be made with automated assembly in 
mind. 

e Eliminate Operations that Require Skill 

Effort should be made to eliminate manufacturing tasks that require 
special skills. 

e Minimize the Total Number of Part 

Parts used in a certain product should be those that are critical for the 
product to function appropriately. It is necessary to design parts that perform 
several functions. Reducing the number of parts will decrease the production 
cost significantly. 

e Use a Modular Design 
It is easier to automate the production of a modular product. 
e Use Standardized Parts 
e =6Use a Multifunctional Design 
Components should be designed to perform more than one function. 


1.5.12 Marketing 


Although design engineers are not involved directly in product 
promotion and distribution, information about problems that occur during 
the marketing and distribution of products should be integrated into the 
product design. Design engineers should design packaging to protect 
products from damage during transport and storage. The design engineer 
must specify any special shipping and storage requirements. 

Design engineers can also be involved in the promotional activity by 
interpreting customers’ questions and criticism about the products and 
relating them to design specifications. This will enable the design engineer 
to modify the product deign and improve it to correspond to customer needs. 
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1.6 Case Study — Needs Recognition: A Utility Snip 


1.6.1 Overview 


Compound action cutting snips typically include a pair of handles 
connected to a pivot point and a pair of blades pivotally mounted on the 
handles and pivotally connected to each other at a separate pivot point 
(Figure 1-12). The compound action of the pivoting handles driving the 
pivoting blades of this type of snips provides for relatively greater force at 
the cutting blades than is produced by single pivot snips. The geometry of 
the snips provides a ratio of a linear distance between tips of the blades in 
the open position and a linear distance between free ends of the handles in 
the open position that is at least 0.35. The snip includes a pair of handles 
mutually connected at a handle pivot, and a pair of cutting blades, each blade 
having a proximal end pivotally attached to a distal portion of one of the 
handles, and the blades being mutually connected at a blade pivot so that 
converging movement of the handles causes converging movement of the 
blades. The handles are at a proximal portion of the snips, the blades 
correspondingly being at a distal portion of the snips, and the handle pivot is 
located proximal to and spaced from the blade pivot. 

The snip provides a cutting action that is more efficient than 
conventional compound action snips by virtue of the geometry of the blades 
and handles. The movement of the handles, which changes the relative 
orientation of the blades, causes a change in the effective cutting length, that 
is, the distance from the point at which the blade edges cross to the tips of 
the blade. 


Figure 1-12. A utility snip® 
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1.6.2 Objectives 


The objectives are to provide heavy—duty, multipurpose utility snips for 
material cutting with competitive features at a price lower than that of the 
competition as well as to perform a need recognition study to determine the 
customer’ needs for a Utility Snip. The study should include: 

e Statement of the purpose 

e Description of the market 

e Description of the competition 


1.6.3 Procedure 


Customer Information Analysis 

Customer interviews are analyzed to determine the customer needs. Figure 
1-13 shows the customer statements and the appropriate need interpretation 
for each statement. 


Customer Inputs/Requirements Need Statement 

I’m left handed, so I need to be able to use it without difficulty. Snips can be used by left-and-right handed people. 
Safety is important, no sharp points to accidentally jab. The snips are safe to use. 

Cutting capability is important. Can cut variety of material from paper to steel, 


Staying sharp for along time The blades stay sharp for along time. 
A positive locking feature so it can’t come open by mistake Locking feature prevents unintentional opening, 


It needs to feel comfortable in my hand. Ergonomically correct and comfortable in hand 

Durability over time, it can't break easily, but a scratch or a chip is okay, The snips are durable; can still be used with minor inclusions. 
I'm not very strong, I need to get leverage when cutting thick material. Requires only a small force to use. 

I cut paper and cardboard; make sure it will cut these better than scissors. Can cut variety of material from paper to steel, 

Every once in a while, I cut a piece of wire, can it cut this too? Can cut variety of material from paper to steel. 
The snips are durable; can still be used with minor inclusions, 
pon anes prevent sping 

I hang my tools up; I need a loop or place for the hangers to pass through. Snips can be hung. 

the color doesn't matter much to me, but I don't like pink tools. Color does not matter, 

I would like to be able to cut anything. Can cut variety of material from paper to steel. 

My children are all over the place; are they child proof? The snips are child proof when locked. 

Do you have some with a feminine touch so that I can keep a pair in the kitchen? {Snips are presentable as kitchenware. 

I need a very nice clean cut. Snips have a clean cut. 

Can you add a scale, that way I can do quick measurements as J cut? Snips have a measuring mechanism. 

T need to open jars with them. Snips are able to open jars. 


I need to open beer bottles with them. Snips are able to open bottles. 
T need to be able to find them easily in the dark. Snips glow in the dark. 


Can you make them so they don't splay open when I cut thick material? Snips easily cut a variety of thicknesses. 

Make them isolated so when cutting wires I don't get shocked. Isolated to prevent electrical shock 

Pier teed 

I want a serrated edge on 1/2 the blade for round materials, Serrated edge included 

Ergonomically correct and comfortable to use Ergonomically correct and comfortable in hand 
Angled to get into tight areas, Blades are angled, 


Figure 1-13. Snip needs interpretation 
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Priority of Needs 

The needs identified earlier must be prioritized. The prioritization is 
performed by conducting a survey in which prospective customers are asked 
to rank the needs according to their importance. The survey used is shown in 
Figure 1-14. 


| *PriorityofNeeds | 


Ergonomics/Operation 
| 6 {Aesthetics 


Figure 1-14. Priority of needs 


Kano Classification 

The Kano method of characterizing customer requirements is an effective 
tool. Based on the customer's response to pairs of functional and 
dysfunctional questions about each requirement, it is classified as one of six 
discrete groups for that customer as shown in Figure 1-15. 
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Sliema cet an onto hl 19. 
Requires only a small force to use. 
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Adj. Score: +4 for Must, +2 for One Dim., +0 for Attractive 


Figure 1-15. Kano classification 
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Kano Diagram 

Kano Analysis is a systematic method to understand how a customer’s sense 
of satisfaction is affected when a product or service succeeds or fails to meet 
either spoken or unspoken customer expectations. This approach was 
developed by Dr. Noriaki Kano of Tokyo Rika University. Dr. Kano’s model 
is usually shown in the form of the Kano Diagram or the 3-Arrow Diagram. 
Figure 1-16 shows a Kano Diagram of snip. 


Safe to use Can be hung 
Loctang feature Has plier feature 


NOIFFERENCE 
Usable byL or R hand 
Ergo comfort in hand 
Grips prevent slipping 
Cut a vanety of materials 
Able to open bottles 
Cut a vanety of thicmess 


a 
MUST BE 


Require only a small force to use 
Blades stay sharp for along time 
Ave Guratle 

Have clean cut 

Blades have serrated edge 


Figure 1-16. Kano diagram of snip 


Affinity Diagram 

An Affinity Diagram is a tool that gathers large amounts of ideas, opinions, 
and issues and then organizes them into groupings based on their natural 
relationships. The Affinity process is often used to group ideas generated by 
Brainstorming as shown in Figure 1-17. 
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Performance 


Snips are able to 
open bottles. 


je blades stay 
material from sharp for along 
paper to steel. time. 
The snips are 
Snips are able to durable; can still be 
open jars. used with minor 


eds. 


inclusions. 
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Accessories Aesthetics 


Snips can be 
hung 


Snips glow in the 
dark. 


Snips have a 
measuring 
mechanism. 


Snips are 
presentable as 
kitchenware. 


Snips have a clean 
cut. 


Snips are available 
in an assortment of 
appropriate colors 


Plier feature 
included. 


Snips easily cut a 
variety of thickness. 


Isolated to prevent 
electrical shock. 


Serrated edge 
included. 


Figure 1-17. Affinity diagram 


Customer and Functional Requirements 
The customer and functional requirements are interpreted as shown in Figure 


Design Parameters Constraints 

lInctude safety features 
2 Have locking feature _| 
3 Child proof Lock Have chiléproof locking feature May add complexit 
4 g peop Works in either hand Design for Loft & Right Hand Ergonomics using NIOSH stds 
3 [Ergonomically correct and comfortable in hand. [Comfortable in Hand Design tor Left & Right Hand Ergonomics using NIOSH stds 
6 [Requires onty a small force to use. Low hand force High hand leverage 
7 {Grips on handles prevents slipping |Stip free grip One handed locking feature 
8 |Snips ace angled. Angled blades gonomic design shape 
9 {Can cut variety of material from paper to steel Biade cutting capability [Blade Shear feature May require alternative mfg 
10]Snips are able to open jars. Open jars Provide secondary function: open jars May add complexity 
11Snips are able to open bottles. Open bottles Provide secondary function: open bottles May add complexit 
12) The blades stay sharp for along time, Sharp blades Blades stay sharp High grade stecl required __| 
{3|"The snips are durable; can still be used with minor inclusions. [Rugged construction [Chip and crack resistant handles 
14)Snips have a clean cut. (Clean cutting [Blades to cut effectively 
15]Snips easily cut a variety of thickness. Wide cutting range [Blades to cut thick material High grade steel required 
16|Isolated to prevent electrical shock, Electrically safe ‘Handles non conductive to electricity Insulation required 
47{Snips can be hung [Easy to hang up [Provide hanging feature 
18)Snips have a measuring mechanism. Measuring flnction [Provide secondary function. meaure May add complexity 
19{Plier feature included. Plier function Provide secondary function: pliers May add comploxity 
20|Serrated edge included. Serrated blades ‘Serrated blades Increases part cost 
21|Snips glow in the dark. Glow In dark Glow in dark material Requires altemative materials 
22|Snips are presentable as kitchenware. Suitable in kitchen Aestetics suitable for latchen 
23]Snips are available in an assortment of appropriate colors Many colors available Mfg in a v. of colors 


Figure 1-18. Customer and functional requirements 


FAST Diagram 


FAST stands for functional analysis systems technique. It is a methodology 
used to systematically organize and represent the functional relationships of 


a technical system. Function is expressed as verb—noun. 


In FAST the 


functions of the system are identified and displayed graphically with respect 
to a “how?-why?” relationship. The FAST diagram presents the whole 
technical system with the inter-relationships of its various functions as 
shown in Figure 1-19. 
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Figure 1-19, FAST diagram 


Functional and Physical Space Hierarchies 

These hierarchies are used to recognize the relationship between functional 
domain and physical domain as shown in Figure 1-20. One of the most 
important advantages of these hierarchies is that the functional and physical 
hierarchies are inter-dependent, and it is not possible, therefore, to construct 
the complete functional hierarchy without reading across to the physical 
domain at each corresponding level. 


Functional Hlerarchy 


Convert hand squeeze 
to cutting/clamping actio 


Shear 
Material 


Convert hand squeeze 
to cutting/clamping actio 


Clamp 
Material 


Clamp 
Material 


Hand hold Shear Material 


Upper Jaw Sub assy Lower Jaw Sub assy 
C Cl Ci 
blade Hand Grip Feature Feature Cutting Blade Handgrip 


Figure 1-20. Functional and physical space hierarchies 
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Customer and Functional Requirements Matrix 
The matrix analysis is used to analyze the features available in competitors’ 
products. The analysis results are shown in Figure 1-21. 
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Figure 1-21. Customer and functional requirements matrix 


Benchmarking 

A competitive benchmarking study is performed as a first step in assigning 
values to the metrics identified. Seven competitors are identified and the 
value of the metrics is measured as shown in Figure 1-22. 
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Benchmarking 
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Figure 1-22. Benchmarking 
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Prepare a List of Metrics 

Metrics represents measurable characteristics that reflect the degree to which 
the product satisfies the customer needs. That is, the list of metrics should 
include measurable functionalities of the product in addition to geometrical 
characteristics. Figure 1-23 shows the list of metrics used for the snip. 


Final Specifications 


Metric Units Value 
1 Retail Cost Dollars 
2  #of Components Count 
3 Weight oz 
4° Overall Length mm 
5S Locking Feature YIN 
6 Locking Feature Type Description 
7 Locking Feature Untocking Force Némm 
8 Secondary Features Y/N YIN 
9 If Yes, Describe Description [Utility | 
10 Blade Material Material 
11 Blade Cutting Edge Length mm = 
12 Blade tip - Blade Pivot Distance mm 
13 Blade-Grip Angle Degrees BE See 
14 Blade Cutting Range mm 
15 Blade Serrated? YIN 
16 Blade Tip Radius mm 
17 Blade Cutting Edge Shear Angle Degrees 
18 Blade Shape Description 
19 Blade Cutting Edge Length Radius mm 
20 — Gripable Handle Length mm 
21 ~~‘ Handle End-Blade Pivot Distance mm 
22 Colors Available Count 
23 Handle Material Material | Nylons 
24 Handle Shape Description 
25 Handle Grip Radius (Length wise) mm 
26 Handle Grip Radius (Cross wise) mm i 
27 ~~ Handle Texture Description 
28 Hanging Feature YIN 
29 ~~ If Yes, Describe Description | Integral _—| 
30 Opening Force Némm 
31 Opening Mechanism Description 


Figure 1-23. List of metrics 


Concept Generation - Systematic Solutions 

Several ideas can be generated by investigating products available in the 
market and then evaluating each concept and selecting the good one. These 
procedures are shown in Figures 1-24, 1-25, and 1-26. 
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Figure 1-26. Concept screening 
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Concept Scoring 


The ideas generated so far should be evaluated to determine their technical 
and economical feasibility. Figure 1-27 shows the results of the concept 
selection per snip section. 
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Figure 1-27. Concept scoring 
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1.7 Summary 


The product development life cycle can be defined as a sequence of all 
the required activities that a company must perform to develop, manufacture 
and sell a product. These activities include marketing, research, engineering 
design, quality assurance, manufacturing, and a whole chain of suppliers and 
vendors. This chapter provides the concept of product development life 
cycle, the importance of product development during the product 
development life cycle, the major phases of product development process, 
benchmarking, the systematic procedure of generating concepts, and finally 
a complete case study for understanding the presented concepts. 


1.8 Problems 


1.1. Define the product development life cycle. 

1.2. List the logical groups of activities that should be identified in product 
development. 

1.3. Discuss in detail the importance of product development during the 
product development life cycle. 

1.4. Why is the sequential product development process not efficient? 

1.5. The sequential product development process has disadvantages, 
explain how the organization can improve this process. 

1.6. What are the major phases of product development process? Explain 

1.7. What is Benchmarking? Discuss in detail. 

1.8. Describe the systematic procedure of generating concepts. 

1.9. Discuss briefly the product development categories. 

1.10. Select any product in the market and do all the required analysis that 
you learned in this chapter. 


Chapter 2 


Product Life Cycle Cost Model 


2.1 


Introduction 


Today’s manufacturing environment should provide flexibility, reduction 
of product cycle time, and reduction of time to market.'? There are some 
significant attributes of this environment: 


Increased product variety 

Reduced product life cycle 

Changed cost structures 

Hardly estimate the costs and benefits of computer integrated 
manufacturing (CIM) technology. 


e Increased Product Variety 

Manufacturing companies have to struggle to provide a variety of 
products. The mass production of a standardized product is no longer 
acceptable. This period is considered the age of the personalized customer. 
Automobile and computer industries are good examples of such industries. 
Therefore, process design and product management complexity has 
increased. 


e Reduced Product Life Cycle 
The product life cycle has been classified into three stages: 


1. 


Design stage. 


2. Manufacturing stage. 


3 


End-of-life stage. 
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In the old approach, the design and manufacturing cycle were executed 
separately and sequentially. During this approach, the design was approved 
before it could go forward into the production stage. Traditionally, the 
product life cycle has three phases: 

e Initial Period: Demand is weak and grows very slowly. This phase 
includes the development both of the product design and 
production methods. 

¢ Mature Product Period: Demand is at a sable level (constant). 

e Final Period: Gradual decline in the demand of the product. 


Conventionally, once a product was established in the market, the 
manufacturer could hope for a relatively high demand for a number of years. 
This is no longer ture. There are many factors affecting the demand rate of 
the product such as 

1. Product redesign 
2. Updated design features 
3. Decrease of product life cycle 


These factors will need a flexible system to accommodate new product 
designs that have lower costs to recover the costs incurred during the peak 
demand period. 


e Changed Cost Structure 

Manufacturing costs conventionally have been classified into three 
items: 

1. Material 

2. Labor 

3. Overhead costs 


The overhead was recovered by labor hours and cost charged for the work. 
In today’s companies unmanned manufacturing has become standard. 
Therefore, the labor cost will not be the basis of a standard costing system. 
So, a new costing method is required. CIM can be considered a perfect 
candidate for the current technology. CIM can facilitate the cost associated 
with individual products at the time the cost is incurred. 


e Hardly Estimate the Costs and Benefits of CIM 
1. The conventional investment appraisal techniques are invalid for a 
CIM environment. 
2. CIM equipment is extremely flexible and it is hard to evaluate its 
capabilities and define its application. 
3. Economic justifications are proper when a company is involved in 
replacing old equipment with new equipment. 
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2.2 Role of Computers in Manufacturing Systems 


The methods used to identify the role of computers in manufacturing 
systems are usually based on the nature of the computer functions and its 
interface with the production process. If the computer is indirectly 
connected to the process, it is mostly used for specific tasks such as 
planning, decision support application, information management, and 
control. There are many examples of such applications such as cost 
estimating tasks, line balancing, and computer process planning (CPP). A 
second classification is when computers are directly connected to the 
production process for monitoring and control of activities. Supervisory and 
remote process control, quality control, and shop floor control and 
management are examples of such tasks. The application of computers in 
manufacturing system is further expanded by identification of their role at 
both plant and operation levels. The classification based on the direct and 
indirect roles at the plant and operation level’ is illustrated in Table 2-1. 


Table 2-1. Classification of direct and indirect applications 


Indirect Application Direct Application 

Macro Planning Models CA Warehousing 
Accounting System DNC 

Plane Level Production Management FMS 
CAD | ASRS 
CAPP CAT 

Operation CA Work Measurement Robotics 

Level CA Numerical Code : 
Beseiananiin CA Automatic 
& & Assembly 


2.3 Product Life Cycle Cost Analysis 


2.3.1 Cost Breakdown in Manufacturing Systems 

The cost breakdown structure (adapted from Fabrycky”’), in the context 
of the product life cycle cost analysis, is addressed in the following 
subsections. 


2.3.1.1 Total System Cost (C) 


The total system cost comprises (a) R&D cost, (b) investment cost, and 
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(c) operations and maintenance cost. The Total system cost is 
C=(C,+C, +) (2.1) 


where 
C, =R&D cost 
C; = investment cost 
C, = operations and maintenance cost 


2.3.1.2 Advanced Research and Development (C,) 


This includes all costs associated with conceptual studies, fundamental 
research, advanced research and development, product design, production 
and test of prototype models, and associated documentation. Moreover, it 
covers all related program management tasks. These costs are essentially 
nonrecurring. The R&D cost is 


C, = (Com + Cy tf Cre at Cr us Cra) (2.2) 


where 

Cim = program management cost 

C, = advanced R&D cost 

C,, = engineering design cost 

C, = equipment development and test cost 
engineering data cost 


oO 
Qa 
Il 


2.3.1.3 Program Management (Ci) 


This cost can be defined as costs of management-oriented activity 
applicable to conceptual studies, research, product design, equipment 
development and testing, and related documentations. These costs include 
the program manager and his/her administrative staff. Management 
functions relate to C,,, Cre, Cy and C,q. The program management cost is 


C=C 2 (2.3) 
where 


Cim = cost of specific activity i 
N =number of activities 
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2.3.1.4 Advanced Research and Development (C,,) 


Thses costs include conceptual studies perfomed to determine and justify a 
specific need. This includes effort oriented to defining job scenarios, system 
operational requirements, preliminary maintenance concepts, etc. The 
advanced research and development cost is 


C= EC? (2.4) 


where _ 
Ci = cost of specific activity i 
N = number of activities 


2.3.1.5 Engineering Design Cost (C,.) 


This cost includes all preliminary design efforts associated with 
system/equipment definition and development. Particular areas include 
system engineering, design engineering, reliability and maintainability 
engineering, human factors, functional analysis and allocation, logistic 
support analysis, etc. The design associated with modifications is inculded in 
Con. The engineering design cost is 


C. == Ce. (2.5) 


where _ 
Cre = cost of specific activity i 
N =number of activities 


2.3.1.6 Equipment Development and Test (C,,) 


The manufacture, assembly, test and evaluation of engineering prototype 
models are included this cost. In particular, this constitutes manufacture and 
assembly, quality control and inspection, material procurement and 
handling, personnel, training, spares, facilities support equipment, data 
collection, and evaluation of prototypes, etc. Preliminary logistic support for 
operational system/equipment is included in Ci. The equipment development 
and test cost is 


Cy = [Cra + Crim +2 Crat'] (2.6) 


where 
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C,a, = cost of prototype fabrication and assembly labor 

Cyan = cost of prototype material 

Cyati = cost of test operations and support associated with specific test i 
N_ =number of identifiable tests 


2.3.1.7 Engineering Data (C,,) 


This cost includes the preparation, printing, publication, and distribution of 
all documentation associated with Cin, Cre, Cr and Cy. This includes 
program plans, R and D reports, design data, test plans and reports, analyses, 
initial operational and maintenance procedures, and all effort related to a 
specific documentation necessity. The engineering data cost is 


Cy=E Ce (2.7) 


where _ 
Cia = cost of specific data i 
N  =number of data items 


2.3.1.8 Investment (C;) 


This cost includes all costs associated with the acquisition of systems. In 
particular, this includes manufacturing, manufacturing management, system 
construction, and preliminary logistic support. The investment cost is 


Ci = (Cim + Cie + Cu) (2.8) 


where 
Cim = system/equipment manufacturing cost 
Ci, = system construction cost 
Ci, = cost of initial support 


2.3.1.9 Manufacturing (Cj) 


This cost covers all recurring and nonrecurring costs associated with the 
production and rest of multiple quantities of prime systems/equipments. 
The manufacturing cost is 


Cin a (Cin + Cir) (2.9) 
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where 
C;, = nonrecurring manufacturing cost 
Cj, = recurring manufacturing cost 


2.3.1.10 Nonrecurring Manufacturing Cost (C;,) 


This cost includes all fixed nonrecurring costs associated with the 
production and test of operational systems/equipment. This inculdes 
manufacturing management, manufacturing engineering, initial tooling and 
factory test equipment quality assurance, reliability test, maintainability 
demonstration, support equipment compatibility, technical data verification 
personnel test and evaluation, inter-changeability environmental test related 
support, production sampling tests, and related support. The nonrecurring 
manufacturing cost is 


Cin = [Cinm + Cint + Cina + Cis +L Cing + XCins ] (2.10) 


where 

Cin = manufacturing engineering cost 

Cin, = tools and factory test equipment cost (excluding capital equipment) 
Cina = quality assurance cost 

Cinp = manufacturing management cost 

Cing = cost of qualification test i 

Cina = cost of production sampling test j 

N  =number of individual tests 


2.3.1.11 Recurring Manufacturing Cost (C;,) 


This cost includes all recurring production costs to include production; 
subassembly an assembly, material and inventory control, inspection and 
test, and packing and shipping to the point of first destination. Sustaining 
engineering support require on a recurring basis is also included. Costs are 
associated with the production of prime equipment. The recurring 
manufacturing cost is 


Cie = [Cire + Cin + Cicm a Cini + Cir] (2.1 1) 


where 
Cie = recurring manufacturing engineering support cost 
Ci = production fabrication and assembly labor cost 
Cim = production material and inventory cost 
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Ci,; = inspection and test cost 
Cin = packing and initial transportation cost 


2.3.1.12 Construction Cost (C;,) 


This cost includes all preliminary acquisition costs associated with 
manufacturing, test, operational and maintenance facilities, and utilities. 
Facility costs include the development of new building projects, the 
modification of existing facilities, and the occupancy of existing facilities 
without modification. Work areas plus family housing are considered. 
Moreover, this cost includes preliminary surveys, real estate, building 
construction, roads and pavement, railroad sidings, etc. Cost items include 
construction labor, construction material, capital equipment, and utility 
installation. The construction cost is 


Ce a (Cicp ts Cict ats Cico ale Cicm) G: I 2) 


where 
Cicp = manufacturing facilities cost 
Cict = test facilities cost 
Cico = operational facilities acquisition cost 
Ciem = maintenance facilities acquisition cost 


For each item one should consider the following: 
Cic a (Cica ag Cicb aE Cicu + Cice) (2.13) 


where 
Cica = construction labor cost 
Cicy = construction material cost 
Cicy = cost of utilities 
Cice = capital equipment cost 


2.3.1.13 Initial Logistic Support Cost (C;)) 


This cost includes all integrated logistic support planning and control 
functions associated with the development of system support requirement 
and the transition of such requirements form supplier(s) to the applicable 
operational site. The initial logistic support cost is 


Ca = (Cam + Cap + Cas + Cr+ Cag +: Cae + Cig + Cary) (2.14) 
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where 
Cim = logistic program management cost 
Ciy = cost of provisioning 
Cis = initial spare/repair material cost 


Ci; = initial inventory management cost 
Cia = cost of technical data preparation 
Ci, = cost of initial training and training equipment 


Cix = acquisition cost of operational test and support equipment 
Ciy = initial transportation and handling cost 


2.3.1.14 Operator Personnel Cost (C,) 


This cost covers all costs associated with the operation and maintenance 
support of the system throughout its product life cycle subsequent to 
equipment delivery in the field. Specific categories cover the cost of system 
operation, maintenance, sustaining logistic support, equipment 
modifications, and system/equipment phaseout and disposal. Costs are 
generally determined for each year throughout life cycle. The operations 
and maintenance is 


Co = (Coo + Com + Con + Cop) (2.15) 


where 
Coo = cost of system/equipment life cycle operations 
Com = cost of system/equipment life cycle maintenance 
Con = cost of system/equipment modifications 
Co») = cost of system/equipment phase-out and disposal 


2.3.1.15 Operation Cost (C,,) 


This cost covers all costs associated with the actual operation (not 
maintenance) of the system throughout its life cycle. Specific categories 
cover the costs of system/equipment operational personnel, the formal 
training of operators, operational facilities, and support and handling 
equipment necessary for system operation. The operation cost is 


Coo a (Coop + Coot a Coor + Cove) (2.16) 
where 


Coop = Operating personnel cost 
Coot = cost of operator training 
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Coop = cost of operational facilities 
Cooe = cost of support and handling equipment 


2.3.1.16 Operator Personnel Cost (Coop) 


This cost covers the costs of operating personnel as allocated to the 
system. A single operator may operate more than one system, but costs 
should be allocated on an individual system basis. Such costs include base 
pay or salary and allowances, fringe benefits, travel, clothing allowances, 
etc. The operating personnel cost is 


Coop = (To Cpo( Qpo(Npo) * (% allocation)] (2.17) 


where 
T, =hours of system operation 
Cy = cost of operator labor 
Qpo = quantity of operators/system 
Npo = number of operating systems 


2.3.1.17 Operator Training Cost (Coot) 


This cost includes the formal training of personnel assigned to operate the 
system. Such training is achieved on a periodic basis throughout the system 
life cycle to cover personnel replacements due to attrition. Total costs 
include instructor time, supervision, student pay and allowances whole in 
school; training facilities, training aids, equipment, and student 
transportation as applicable. The operator training cost is 


Coot = [(QsoMTM(Crop)] (2. 1 8) 


where 
Q;. = quantity of student operators 
T; = duration of training program (weeks) 
Ciop = cost of operator training ($/student week) 


2.3.1.18 Operational Facilities Cost (Coos) 


This cost includes the annual recurring costs associated with the 
occupancy and maintenance of operational facilities throughout the system 
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life cycle. Utility costs are also included. Facility and utility costs are 
proportionately allocated to each system. The operational facilities cost is 


Coot = [(Cope + Cu) (% allocation) * (Nos)] (2.19) 


where 
Cope = cost of operational facility support ($/site) 
C, = cost of utilities ($/site) 
Nos = number of operational sites 


2.3.1.19 Support and Handling Equipment Cost (Coo.) 


This cost includes the annual recurring usage and maintenance costs for 
those items that are required to support system operation throughout the life 
cycle. The costs specifically cover equipment operation, equipment 
corrective maintenance, and preventive maintenance. The support and 
handling equipment cost is 


Cove a Lees + Cece + Coos] (2.20) 


where 

Cooo = cost of operation 

Coou = cost of equipment corrective maintenance 
Coos = cost of equipment preventive maintenance 


Coon = [(Qea)(Minne) (Cocp) as (Qea)(Cmhe) + (QeahCac) (Nos) 


Qea = quantity of corrective maintenance actions (M,); Q.a is a function of 
(To) 

Mraie = corrective maintenance labor hours/M, 

Coop = corrective maintenance labor cost ($/Mine) 

Cunne = cost of material handling/corrective M,. 

Cg, = cost of corrective/maintenance documentation/M,. 

N,s; = number of operational sites 

Coos = [(Qpa)(Minhp (Copp) + (Qpa)(Cmph) ae (Qpa)(Cap)(Nos)] 

Qpa = quantity of preventive maintenance actions (M,). 

Monhp = preventive maintenance man hours/M,. 

Copp = preventive maintenance labor cost ($/Mmnp) 

Cihp = cost of material handling/preventive M,. 

Ca = cost of preventive maintenance documentation/M,. 

N.; = number of operational sites 
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2.3.1.20 Maintenance Cost (Com) 


This cost includes all sustaining maintenance labor, spare/repair parts, test 
and support equipment, transportation and handling, replenishment training, 
support data, and facilities necessary to meet the maintenance needs of the 
prime equipment throughout its life cycle. Such needs include both 
corrective and preventive maintenance requirements at all echelons: 
organizational, intermediate, depot, and factory. The maintenance cost is 


Com a [erie + oe + Cat + Comt + Comp + omt + Comal (2.20) 


where 
Comm = Maintenance personnel and support cost 
Comx = cost of spare/ repair parts 
Coms = test and support equipment maintenance cost 
Come = transportation and handling cost 
Come = cost of maintenance facilities 
Coma = cost of technical data 


2.3.1.21 Maintenance Personnel and Support Cost (Comm) 


This cost includes corrective and preventive maintenance labor, associated 
material handling, and supporting documentation. When a system or 
equipment malfunction occurs or when a scheduled maintenance action is 
performed, personnel man hours are expended, the handling of spares and 
related material takes place, and maintenance action reports are completed. 
The maintenance personnel and support cost is 


Comm = [Coon + Coos] (2.21) 


where 
Coou = cost of equipment corrective maintenance 
Coos = cost of equipment preventive maintenance 
Total cost is the sum of the Conm values for each echelon of maintenance. 


2.3.1.22 Corrective Maintenance Cost (Cou) 


This cost includes the personnel activity costs associated with the 
accomplishment of corrective maintenance. Total cost includes the sum of 
individual costs for each maintenance action multiplied by the quantity of 
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maintenance actions anticipated over the entire system life cycle. A 
maintenance action includes any requirement resulting from catastrophic 
failures, dependent failures, operator/maintenance induced faults, 
manufacturing defects, etc. The cost per maintenance action considers the 
personnel labor expended for direct tasks, associated administrative/logistic 
delay time, material handling, and maintenance documentation. The 
corrective maintenance cost is 


Coou = [(QeaKMamhe(Cocp) + (QeaMCmnc) + (QeaMCac)(Nms) (2.22) 


where 
Q.a = quantity of corrective maintenance actions (M,) 
Minne = Corrective maintenance labor hours/M, 
Cop = corrective maintenance labor cost ($/Mie) 
Cine = cost of material handling/corrective M, 
Cg = cost of documentation/corrective Mg. 
Nms = number of maintenance sites 


2.3.1.23 Preventive Maintenance Cost (C,,,) 


This cost includes the personnel activity costs associated with the 
accomplishment of preventive or scheduled maintenance. Total cost includes 
the sum of individual costs for each preventive maintenance action 
multiplied by the quantity of maintenance actions anticipated over the 
system life cycle. A maintenance action includes servicing, lubrication, 
inspection, overhaul, calibration, periodic system check-outs, and the 
accomplishment of scheduled critical item replacements. The cost per 
maintenance action considers the personnel labor expended for preventive 
maintenance tasks, associated administrative/logistic delay time, material 
handling, and maintenance documentation. The preventive maintenance 
labor cost, Coop, will of course vary with the personnel skill level required for 
task performance. Both direct labor and overhead costs are included. The 
preventive maintenance cost is 


Coos = [(Qpa Mate Copp) + (Qpa(Cmne) + (QpaCap)(Nms) (2.23) 


Where 
Qsa = quantity of preventive maintenance actions (M,) 
Mrmhp = preventive maintenance labor hours/M, 
Coop = preventive maintenance labor cost ($/Mynnp) 
Crhp = cost of material handling/preventive M, 
Ci) = cost of documentation/preventive M, 
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Nms = number of maintenance sites 


2.3.1.24 Spare/Repair Cost (Comx) 


This cost includes all replenishment spare/repair parts and consumable 
materials that are required to support maintenance activities associated with 
prime equipment, operational support and handling equipment (C,o.) test, 
and support equipment at each echelon. This category covers the cost of 
purchasing, the actual cost of the material itself, and the cost of holding or 
maintaining items in the inventory. Costs are assigned to the applicable 
level of maintenance. Specific quantitative requirements for spares (Q,) are 
derived from the Logistic Support Analysis. The optimum quantity of 
purchase orders (Q,) is based on EOQ criteria. Support equipment spares 
are based on the criteria used in determining spare part requirements for 
prime equipment. The spare/repair parts cost is 


Comx = [Coo + Cy F, Cg oe Cys + Cee] (2.24) 
where 
C,. = cost of organizational spare/repair parts 
C, = cost of intermediate spare/repair parts 


Csa = cost of depot spare/repair parts 

C,, = cost of supplier spare/repair parts 

Cy, = cost of consumable 

C, = average cost of material purchase order ($/order) 

Q, =quantity of purchase orders 

Cy, =cost of spare item i 

Qin = quantity of i items required or demand 

C, =cost of maintaining spare item / in the inventory ($/$ value of 
the inventory) 

Q; =quantity if i items in the inventory 

Nis = number of maintenance sites 

Cy, Coq and C,, are determined in a similar manner. 


2.3.1.25 Test and Support Equipment Cost (Cons) 


This cost includes the annual recurring life cycle maintenance cost for test 
and support equipment at each echelon. Support equipment operational 
costs are actually covered by the tasks performed in Comm. Maintenance 
constitutes both corrective and preventive maintenance, and the costs are 
derived on a similar basis with prime equipment (C,., and Co,;). In some 
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instances, specific items of test and support equipment are utilized for more 
than one system, and in such cases, associated costs are allocated 
proportionately to each system concerned. The test and support equipment 
cost is 


Caine = Lares a oF, te Ceca] (2.25) 


where 
Cyeo = cost of organizational test and support equipment 
Ce; = cost of intermediate test and support equipment 
Cea = cost of depot test and support equipment 
Ceo > [Coou B3 Coos] 
Coou = cost of equipment corrective maintenance 
Coos = cost of equipment preventive maintenance 
Coou = [(Qea) {(Mimhe (Cop) +(Cinhe) a (Cac)} J(Nns) 
Q.a = quantity if corrective maintenance actions (M,) 
Mince = Corrective maintenance labor hours/M, 
Cocp = corrective maintenance labor cost ($/Mmnc) 
Cinhc = cost of material handling/corrective M, 
Ca = cost of documentation/corrective M, 
Nms = number of maintenance sites (involving organizational 
maintenance) 
Coos = [(Qpa){(Mnhp (Copp) + (Crp) + (Cac)} ](Nms) 
Qpa = quantity of preventive maintenance actions (M,) 
Mmhp = preventive maintenance labor hours/M, 
Coop = preventive maintenance labor cost ($/Mmhp) 
Cmnp = cost of material handling/preventive M, 
Cap = cost of documentation/preventive Ma 
Coe and Cy.g are determined in a similar manner. 


2.3.1.26 Transportation and Handling Cost (Cont) 


This cost includes all sustaining transportation and handling between 
organizational, intermediate, depot, and supplier facilities in support of 
maintenance operations. This includes the return of faulty material items to 
a higher echelon; the transportation of items to a higher echelon for 
preventive maintenance, and the shipment of spare/repair parts, personnel, 
data, etc., from the supplier to forward echelons. The transportation and 
handling cost is 


Come = (CQ + (CpXQ)] (2.26) 


46 Computer-Based Design and Manufacturing 


where 

C, = cost of transportation 

C, = cost of packing 

Q, = quantity of one-way shipments 

C, = [(Wi(Cs)] 

W, = weight of item (Ib) 

C,s = shipping cost ($/Ib) 

C,, will of course vary with the distance (in miles) of the one-way 

shipment. 

Cp = packing cost ($/Ib) 
Packing cost and weight will vary depending on whether reusable containers 
are employed. 


2.3.1.27 Maintenance Training Cost (Comp) 


This cost includes the formal training of personnel assigned to maintain 
the prime equipment, test and support equipment, and training equipment. 
Such training is accomplished on a periodic basis throughout the system life 
cycle to cover personnel replacements due to attrition. Total costs include 
instructor time, supervision, student pay and allowances, training facilities, 
training aids and data, and student transportation as applicable. The 
maintenance training cost is 


Cong) = [(Qsm (Ti Ctom)] (2.27) 


where 
Qsm = quantity of maintenance students 
Cton = cost of maintenance training ($/student-week) 
T, = duration of training program (weeks) 


2.3.1.28 Maintenance Facilities Cost (Cons) 


This cost includes the annual the occupancy and support of maintenance 
shops at all echelons throughout the system life cycle. A given maintenance 
shop will support more than one system, and in such cases, associated costs 
are allocated proportionately to each system concerned. The maintenance 
facilities cost is 


Come = [(Copm + Cu) * (% allocation) (Nins)] (2.28) 


where 
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Cypm = cost of utilities ($/site) 
C, =cost of utilities ($/site) 
Nms = number of maintenance sites 


2.3.1.29 Technical Data Cost (Coma) 


This cost includes any other data necessary to support the operation and 
maintenance of the system throughout its life cycle. The technical data cost 
is 


Coma =; Come’ (2.29) 
where 
Cond = cost of specific data item i. 
N = number of data items 


2.3.1.30 System/Equipment Modification (C,,) 


This cost includes modification kit design (R&D), material, installation 
and test instructions, personnel and supporting resources for incorporating 
the modification kit, technical data change documentation, formal training to 
cover the new configuration, spares, etc. The system/equipment 
modification cost is 


Can =X Con’ (2.20) 


where 
Con = cost of specific modification i 
N = number of system/equipment modifications 


2.3.1.31 System Phase-out and Disposal Cost (C,,) 


This cost includes the liability or assets incurred when an item is 
condemned or disposed. This factor is applicable throughout the 
system/equipment life cycle when phaseout occurs. This category represents 
the only element of cost that may turn out to have a negative value— 
resulting when the reclamation value of the end item is larger than the 
disposal cost. The system phase-out and disposal cost is 
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Cop = [(FeM Qea Cais ans Cree)] (2.30) 


where 
F, = condemnation factor 
Qca = quantity of corrective maintenance actions 
Cais = cost of system/equipment disposal 
Cree = reclamation value 


2.4 Computer-Aided Cost Estimating in Manufacturing 


Cost estimating is the mission of determining and evaluating the costs 
involved in an engineering product or a system using scientific and 
engineering laws and methods. It is a part of the cost engineering that the 
American Association of Cost Engineers (AACE) has defined as: “The area 
of engineering practice where engineering judgment and experience are 
utilized in the application of scientific principles and techniques to the 
problems of cost estimating, cost control and profitability.” Since the term 
indicates an estimate of the cost, the cost estimator should seek all possible 
ways to estimate a cost that falls within an acceptable range.'” 


Clark and Lorenzoni™ have also proposed several classifications for cost 
estimating. These include: 

e Screening Estimate: The screening estimate allows the decision maker 
to decide on which way to go, and whether to accept such a project. The 
decision period in this phase is short owing to the low level of 
complexity. 

e Budget Estimate: Since a screening estimate does not give the detail 
required for a budgetary decision, a budget estimate is required to 
provide more detail, if desired. 

e Definitive Estimate: The estimate from this phase is the most accurate 
and detailed. The decision period is much longer and more effort is 
required to reach the proper estimate. This decision period can be 
months or years depending on the project complexity and the degree of 
accuracy required. 


2.5 Objective of Cost Estimating 


The cost estimator may state general objectives for a cost estimating 
project. However, these objectives must be redefined by the estimator to 
reflect specific goals. The cost estimating objectives usually deal with time, 
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cost, and performance.'*° When redefined for a practical estimating task, it 
is strongly recommended they be stated quantitatively in measurable units. 
The following subsections contain a list of possible objectives for cost 
estimating. 


2.5.1 Assist in Submitting Bids 


Depending on the deadline for submitting a bid and the competitiveness 
involved, the cost estimate can vary in the level of detail. The cost estimates 
will help management project what the cost of a product will be, and enable 
them to confidently complete and submit bids. 


2.5.2 Revise Quotations 


Excessive and unrealistic prices can be charged by suppliers or offered 
by customers. Management, with the help of an accurate cost estimate, can 
confidently negotiate quotations. Consequently, savings and more profits 
will be enjoyed. 


2.5.3. Assist in Evaluating Alternatives 


It is a common management practice to consider different alternatives. 
When a new product is to be made, management will be faced with different 
strategies. Since cost and profit are the prime interest, detailed cost 
estimating can be of great help in evaluating each product design, process 
plan, or marketing strategy. With accurate estimating, the best set of 
alternatives will ultimately be considered. 


2.5.4 Control of Manufacturing Expenses 


Cost estimating will assist in curbing the manufacturing cost. After 
different alternative methods are evaluated, the one with the least expense 
will be selected. Moreover, cost estimating is an integral part of cost 
control. Cost control involves comparing incurred costs with respect to 
developed estimates. Feedback to the cost estimator helps eliminate 
excessive costs during the planning phase. 
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2.5.5 Assist in Make or Buy Decisions 


After a cost estimate of a certain product is completed, management can 
easily determine if such a product can be obtained from an outside supplier 
with less cost. Furthermore, cost estimating can assist in the “sell or process 
further” decisions which occur at some point when management wonders if 
further processing is going to be possible at affordable costs and without 
predictable losses. 


2.5.6 Establish Ground for a Selling Price 


Cost estimates are used to set a selling price prior to the actual 
production. Pricing is a complicated function that can be made easier by 
efficient use of cost estimating techniques. Cost estimating can help 
determine the profit margin to be added to the total cost to get the selling 
price. 


2.6 Methods of Cost Estimating 


Methods that are often used to estimate costs in the manufacturing 
environments are described in the following sections. 


2.6.1. The Opinion Estimates Method 


An estimator can give a rough figure of the cost. This method is 
obviously not reliable because of the estimate inaccuracy. It can be done by 
an experienced estimator or a group of estimators. 


2.6.2 The Conference Estimating Method 


This method is performed in a more involved way than opinion 
estimating. The estimate is created by a group of experienced individuals 
from separate departments, or a group of estimators. Each individual will 
develop a part of the cost estimate using his/her judgment. Then, the cost 
estimates are added up to find the final product cost estimate. The 
conference can include brainstorming sessions after which individual 
estimates are discussed. 
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2.6.3 The Comparison Method 


An original estimating problem is made simpler by relaxing some 
conditions in a design, or manipulating it. A cost estimate is then developed 
for the simplified design. The cost estimate of the original design is 
afterwards determined such that the simpler version of the design has to 
bound the original version in the following way: 


C, (D2) < C; (D1) (2.31) 


Where C, and C, are cost estimate values for the original and simplified 
designs, respectively. D,, D. are designs of the original and simplified 
problems respectively. A lower bound may be chosen such that: 


C3 (D3) < C; (Di) S$ C2 (D2) (2.32) 


2.6.4 The Unit Estimate Methods 


This method is the most popular one in manufacturing and construction. 
The unit estimate is developed using the following equation: 


C= 50/0; (2.33) 
where 
C, = average cost per unit of design i 
C; = dollar value of design i 
U;= unit of design i 


2.6.5 The Cost and Time Relationship Method 


This method uses mathematical models or graphs that estimate time 
and/or cost. These models can reflect probabilistic or deterministic 
relationships. 


2.6.6 The Power Law and Sizing Model Method 


This method is the cost estimating relationship model. This model is 
often used to estimate equipment cost based on simplifying the cost 
estimating problem to one with a different design size. The model, stated 
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mathematically, is: 
C=C (Qi/Q)" (2.34) 


where 
C = cost value for design of size Q; 
Cj= known cost of design with size Q; 
Q;, Q; = design sites 
m = correlating exponent, m within [0, 1]. 


2.6.7 Probabilistic Approaches 


By knowing the uncertainty involved in developing a cost estimate of 
any sort, probability is a legitimate method to be used. Probability 
techniques can be used fully or partially. The rules of probability can be 
used to assign numerical judgment of future events. Probability is used 
sometimes to predict the likelihood that some risk factor is going to occur. 
Expected values can be used to predict costs. For the discrete case, the 
expected value of an event i (in cost estimating i is a design, a project, or a 
system cost estimate) is written as: 


C (i) = {p. xi} (2.35) 
where 
C (i) = expected value of the cost of design i 
P =probability that x takes on a value x 


Xj = design event 


2.6.8 Statistical Methods 


Statistical inferences are often made to improve decision making. Cost 
data can be effectively analyzed using statistical techniques. Moreover, if a 
variety of cost estimates are available from past studies or from different 
sources, then statistical techniques can be used as an analysis and inference 
tool. 

e Estimating by confidence intervals: the estimation is made while 
constraining the cost estimate to fall within a certain interval with a 
given probability. 

e Estimating by tolerance intervals: This technique is used to estimate a 
range within which costs fall with a given probability. This technique 
used relevant C values to determine the tolerance interval. 
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e Estimating by prediction intervals: This technique is used to draw 
conclusions about a future cost estimate using past estimates. C values 
are used to predict the value of the cost estimate with a given 
probability. While these techniques are available, many problems in 
cost engineering, and specifically in cost estimating, are not suitable to 
be treated as statistical prediction problems. 


2.6.9 Simulation 


By using a computer program, a synthetic model represents the original 
design of a product, a project, or a system. The output of the system will 
help make inferences about the behavior of the studied design. Simulation 
can use the previous method to build a model representing the actual 
problem and predict its costs from the data gathered. 


2.6.10 The Factor Method 


This method is usually used for project cost estimating. Essentially, the 
cost of a project is determined by summing the cost estimates of several 
elements. The factor method model is mathematically stated as follows: 


C=(C+ > f, *C, EG +1 (2.36) 


where 
C = estimated value of project 
C, = cost of major equipment 
F, = factor for estimating capital (buildings, equipment, etc.) 
f, = factor for estimating of indirect cost 
i = factor index 
The factors f; and f, are determined by historical data, experience, or policy. 


2.6.11 The Detailed Computerized Method 


Detailed studies are preferred in cost estimating. However, the time 
required is considerable. Accordingly, the cost of the study will also be 
considerable. Computerized cost estimating takes advantage of the digital 
computer to automate the detailed manual cost estimating method. Basically, 
all phases of cost estimating will be performed with the greatest detail 
possible. The power of the computer to store data and perform calculations 
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will help extensively.'”8 

It is required that these estimates fall within an acceptable range; the 
need for accuracy is evident. The errors of the estimation task must be 
reduced in order to achieve an optimal estimate.'!! Estimating errors can be 
categorized as controllable and uncontrollable errors. Controllable errors 
may be caused by: 


Failure to develop detailed data necessary for the cost estimate 
Errors in interpreting information 

Making wrong assumptions 

Use of poorly documented data 

Failure to spend the time necessary for accurate estimations 
Poor analysis of the problem in hand 

Lack of experience 
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Uncontrollable errors are usually due to: 
1. Unpredictable change in equipment 
2. Unexpected conditions such as fires, storms, and industrial accidents 
3. Labor strike 
4. Decline in productivity levels due to employee attitudes and low 
morale 


Cost estimate is the summation of various costs involved in the 
estimation of cost for a product, project, or a system. These costs are 
classified into two groups: 

e Direct costs 

1. Direct material: Materials that are an integral part of the finished 

product 

2. Direct labor: Costs that can be traceable directly to the making of the 

product 
e Indirect costs 

1. Manufacturing overhead: All manufacturing costs except direct 

material and labor costs 

2. Indirect materials 

3. Administrative overhead 


The cost estimating process plays an important role in the manufacturing 
planning and it also has an important role in manufacturing control as 
illustrated in Figure 2-1. It assists manufacturing firms in decision making 
at various stages including design and production planning, materials 
handling, facility layout, inventory control, and shop floor control.’ 
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Computer-aided cost estimating (CACE) is the use of computers to 
estimate costs of products, projects, or systems.’ The use of CACE 
increases the productivity of the estimator. The estimates will be easily 
revised and verified, and data will be stored economically and readily 
accessible. CACE is an important tool to: 

Develop cost estimates in shorter time. 

Improve estimate accuracy by minimizing the human interface. 
Improve cost data availability and security. 

Evaluate more alternatives. 

Improve management morale. 
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Since cost estimating software requires a large amount of information 
from a variety of databases, it is essential that data structures and retrieval 
and storage methods be carefully examined and to select the ones that ensure 
the efficiency of the cost estimating software.'’ Figure 2-1 is a flow 
diagram representing steps required to estimate the cost of a product. 


CAPP Module 


CAD Database 


Process Planning 


Design Station Station 


Driver Modules and 
stations = 


Figure 2-1. Steps required for estimating product cost 


2.8 Structure of a Computer-Assisted Cost Estimating 
System 


A product is the key determinant of an organization’s success. The 
research, engineering, manufacturing, and marketing departments work 
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together with management to provide a successful product. Costs beyond 
the manufacturing stage include the costs of engineering, marketing, and 
administrative-related activities.*' 

To estimate the cost of a product, the cost estimator needs to be supplied 


with the following cost elements’: 


Material cost: Material is defined as substance being transformed or 
used in a manufacturing transformation. Materials are classified as: 

1. Raw materials 

2. Commercial products 

3. Subcontract products 

4. Inter-department transfer products 


Materials cost estimating usually includes both direct and indirect 
materials. The information required can be obtained from bills of material, 
product design, and inventories of direct and indirect materials. Steps for 
estimating the material cost is as follows: 

Measure the shape and the volume of the material. 
Identify the price of the material. 

Find the value of any salvage material. 

Choose a material cost policy. 

Tabulate the total cost of material. 
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Labor Cost: Labor cost estimating constitutes the second part of the 
direct cost. This cost is important because of the extensive attention it gets 
from management, government and researchers. The first step in 
determining the labor cost estimate is to estimate the labor time. Then, a 
cost figure can be developed using labor cost rates. Steps for estimating the 
labor cost are as follows: 

1. Identify the operation. 

Determine the labor time. 

Identify hourly rates. 

Determine the labor overhead rate. 
Determine the cost of fringe benefits. 
Tabulate the total cost of labors. 
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Machinery and Tools Cost: Estimating the cost of machinery and tools 
used to manufacture a certain product is an integral part of the cost 
estimating function. Tools can be classified as hard or soft tools. Hard tools 
are those that are designed and manufactured specifically for a certain 
manufacturing operation. On the other hand, soft tools are conventionally 
used in common manufacturing operations. Tooling costs are estimated for 
the following reasons: 

1. To determine the investment necessary for tools within a time frame 
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during the planning phase. 
2. To evaluate alternative tooling combinations and select the 
combination incurring the least cost. 


The cost of tools or new equipment occurs only once. As a result, 
difficulty is experienced when allocating these costs to individual operations. 


Operation Cost: An operation involves material, labor, and equipment. 
The estimator must have the necessary cost estimating data in the form of 
trade books, handbooks, and various data sources about the operations 
involved in the design. The necessary information includes: 

1. Part design 
Production plans 
Material specifications 
Tooling specification 
Standard time sheets 
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Operation cost estimating starts by breaking down the operation 
elements. For each element the labor cost, material cost, and equipment of 
tooling cost are estimated. Each operation consists of three phases: 

1. Set Up: Preparing all the conditions required for the operation. 

2. Cycles: Performing the operation for a number of cycles. 

3. Maintenance: Maintaining all the conditions required for the 

operation. 


Overhead Cost: Overhead cost in present cost accounting practice is the 
portion of total cost that cannot be directly traced to particular operations, 
products, or projects. Indirect expenses should be allocated, utilized, and 
added to the unit cost estimate. The problem with allocating overhead 
charges is that these costs often exist even if the product is not produced. 
Companies, based on their activities, may adopt different techniques in 
measuring the overhead cost. Overhead charges may be determined in 
different ways including: 

1. Overhead as a ratio of direct labor dollars 

2. Overhead as a ratio of direct labor hours 

3. Overhead as a ratio of prime cost 


The product cost is the summation of the material cost, direct labor plus 
overhead cost, and the total tooling cost. The cost of the product can be 
obtained by charging the overheads to the operation product cost. 
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2.9 Summary 


This chapter discussed the important characteristics of the 
manufacturing environment, the computer role in manufacturing systems, 
the elements of Cost Breakdown in manufacturing systems, cost estimating 
in manufacturing, the objectives and methods of cost estimating in the 
manufacturing environment, the detailed computerized method that is used 
in cost estimating, and computer-aided cost estimating (CACE). 


2.10 Problems 


2.1. Discuss the important characteristics of the manufacturing 
environment. 

2.2. What is the computer role in manufacturing systems? 

2.3. List the elements of cost breakdown in manufacturing systems. 

2.4. What are the elements of the Initial logistic support cost? 

2.5. What are the costs included in construction cost? 

2.6. Define the cost estimating in manufacturing. 

2.7. Describe briefly the objectives of cost estimating in the manufacturing 
environment. 

2.8. Discuss in details the methods of cost estimating in the manufacturing 
environment. 

2.9. Explain the detailed computerized method that is used in cost 
estimating. 

2.10. Define and distinguish the difference between the direct and indirect 
costs. 

2.11. Define computer-aided cost estimating (CACE). 

2.12. Draw a flow diagram representing steps required to estimate the cost 
of a product. 

2.13. What are the current systems of cost estimating systems? 

2.14. Describe briefly the structure of a computer-assisted cost estimating 
system. 


Part II: Feature-Based Design and Techniques 


Chapter 3 


Computer-Based Design and Features 


3.1 Introduction 


Product design could be considered as one of the critical functions in the 
design life cycle. The quality of the product design (i.e., how well the 
design department does its job) is the single most important factor in 
determining the commercial success and societal value of a product. If the 
design is poor, no matter how well it is manufactured, the product is very 
likely doomed to contribute little to the wealth and well-being of the firm 
that produced it. If the design is good, there is still the question of whether 
the product can be produced at sufficiently low cost to contribute to the 
company’s profits and success. It is important to know that a very 
significant portion of the cost of any product is determined by its design.” 

Design and manufacturing are two major components in the production 
engineering process. A product design that cannot be realized through 
manufacturing processes is a poor design. On the other hand, manufacturing 
processes cannot be effective without a thoughtful design and plan." 

Traditionally, design and manufacturing are treated as two separate 
stages and usually managed by two different groups of people. The design 
group often does not anticipate the manufacturing implications of the 
decisions.” After the detail design is completed, it is passed to the 
manufacturing group as annotated engineering drawings. The 
manufacturing group has to determine the methods of how to produce parts 
based on its interpretation of the design group’s drawings, which may not be 
the same as the designer’s intent. It usually takes a few passes back and 
forth between the two groups in order to reach a satisfactory design.” 

This sequential approach is a slow and a costly process. Therefore, to 
reduce the time and cost, it is important to achieve a good integration of 
design and manufacturing that provides a common language to interact and 
to anticipate design changes and coordinates them with the manufacturing 
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processes.'° The goal of the proposed methodology with the integration of 
computer-aided design (CAD) and computer-aided manufacturing (CAM) is 
to support the design, modification, analysis, and manufacture of parts with 
prismatic shapes automatically and efficiently within a unified frame. 


3.2 CAD and CAM Integration 


The idea of using computer technologies in design and manufacturing is 
traced back to the late 1950s and early 1960s, when Numerical Control (NC) 
machines and computer graphics were first introduced.” Early applications 
were mainly i in computer-assisted NC part programming and computer-aided 
drafting.® 

Computer-aided design (CAD) is defined as any design activity that 
involves the effective use of the computer to create, modify, analyze, 
optimize, and document an engineering design. CAD is most commonly 
associated with the use of an interactive computer graphics system, referred 
to as a CAD system. On the other hand, Computer-aided manufacturing 
(CAM) is defined as the effective use of computer technology in 
manufacturing management planning and control. CAM is most closely 
associated with functions in manufacturing engineering, such as process 
planning and numerical control (NC) part programming. Other applications 
of CAM include inspection, material handling, robotics, assembly, etc.*!*?!° 
The term CAD/CAM system is also used if it supports manufacturing as well 
as design applications. 

With improved computer power and better understanding of its usages 
of design and manufacturing, CAD and CAM systems’”'**!°* were used to 
allow interactive design of geometric models and direct or indirect use of the 
model data in manufacturing processes. There are several good reasons for 
ba a CAD system®: 

. To increase the productivity of the designer: To help the designer 
to conceptualize the product and its components. Therefore, this 
helps reduce the time required by the designer to create, analyze, 
and document the design. 

2. To improve the quality of the design: Use of a CAD system with 

appropriate hardware and software capabilities permits the designer 
to perform a comprehensive engineering analysis and to involve a 
larger number and variety of design alternatives. The quality of the 
resulting design is thereby enhanced. 

3. To improve design documentation: The final graphical output of a 

CAD system results in better documentation of the design than what 
is practical with manual drafting. The engineering drawings are 
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superior, and there is more standardization among the drawings, 
fewer drafting errors, and greater legibility. 

4. To create a manufacturing database: During the process of 
documentation the product design (geometric specification of the 
product, dimensions of the components, materials specifications, bill 
of materials, etc.), much of the required data for the manufacture of 
the product is also created. 


To further increase the level of automation in production processes, 
computer-integrated manufacturing (CIM) was introduced.''”'? CIM 
includes not only the engineering function from CAD/CAM, but also the 
business aspect of a product, such as marketing, accounting, management, 
etc. The CIM concept includes all of the operations related to the production 
incorporated in an integrated computer system to assist, augment, and 
automate the processes. The same information must be shared throughout 
the entire life cycle of a product. Existing CAD/CAM systems are made to 
work together through format conversion. Internally, each application works 
independently and uses its own data representation. A typical model of CIM 
implementation is a star-shaped structure with a network database as the 
central node (Figure 3-1). 


Figure 3-1. A typical model of CIM implementation 


One problem of this implementation is that each of the existing 
subsystems usually uses a different data format or needs some information 
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that is not available from other subsystems. Data format conversion between 
each subsystem and the central database is then required. Sometimes, 
manual augmentation of the product design is applied to obtain extra 
information required for a particular application. Standard data formats, such 
as Initial Graphics Exchange Specifications (IGES) and Data Interchange 
Format (DXF), are used to store models in the database.'*° 

For example, the CAD design may contain only points, lines, and arcs in 
the model data while the CAM system needs to know the width/length/depth 
of a slot that is not available from the part design explicitly. Such 
information has to be available in a format that can be used by a CAM 
system. This heterogeneous approach can easily integrate various existing 
components. It does, however, build barriers against a full implementation of 
the CIM concept.® 


3.2.1 The Role of CAD/CAM in Manufacturing 


CAD/CAM is concerned with engineering functions in both design and 
manufacturing. The engineering activities in design are product design, 
engineering analysis, and documentation of the design. On the other hand, 
process planning, NC part programming, and other activities associated with 
CAM represent engineering activities in manufacturing. The CAD/CAM 
systems developed during the 1970s and early 1980s were designed pri- 
marily to address these types of engineering problems. In addition, CAM 
has evolved to include many other functions in manufacturing, such as 
material requirements planning, production scheduling, computer production 
monitoring, and computer process control. 

The successful link between CAD and CAM will be defined by the 
efficient methods that can process a decomposed object from the CAD 
database and reconstruct the entities for downstream applications.’ Features 
provide access to related production-process and resource methods. Thus, 
features have a higher level semantically than the primitive elements used in 
the ordinary CAD systems. As shown in Figure 3-2, features are expected to 
form a basis for linking CAD with downstream manufacturing applications 
and for organizing databases for reusing design data. The efficiency and 
speed of algorithms to do this task have been the focus of many researchers. 
The algorithms should be such that they can be applied to a wide range of 
complexities of solid parts and use minimal data and processing time to 
arrive at the desired manufacturing planning and execution.” Numerous 
CAD systems on the market today necessitate that the computer programs be 
flexible and portable on different systems. 
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Figure 3-2. Features as a link between design and downstream applications” 


It should also be noted that CAD/CAM requires an integration of design 
and manufacturing activities by means of computer systems. The method of 
manufacturing a product is a direct function of its design. With conventional 
procedures, engineering drawings were prepared by design draftsmen and 
later used by manufacturing engineers to develop the process plan. The 
activities involved in designing the product were separated from the 
activities associated with process planning. Fundamentally, a two-step 
procedure was employed. This was time consuming and involved 
duplication of effort by design and manufacturing personnel.™ 

A CAM system in general should have the ability to manipulate the 
geometric data from a product model and other information about the 
machining process, such as selection of cutting tools, machining sequence, 
and strategy. Most traditional cutter path generation methods implemented 
in CAD/CAM systems use surface, wireframe, or solid models. User 
interaction is often required to ensure that features are accessible, no 
collisions occur, and the part is not over or undercut.” Using the feature- 
based approach, the agent that provides the interpretation, or more explicitly 
the “feature interpreter,” decomposes the part into a group of manufacturing 
standard features that are suitable for machining operations. 

With the advance of CAD/CAM technology, it is possible to establish a 
direct link between product design and manufacturing engineering. The goal 
of CAD/CAM is not only to automate certain phases of design and certain 
phases of manufacturing, but also to automate the transition from design to 
manufacturing. In the ideal CAD/CAM system, it is possible to take the 
design specification of the product as it resides in the CAD database and 
convert it into a process plan for making the product, with the conversion 
done automatically by the CAD/CAM system.” 
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A large portion of the processing might be accomplished on a 
numerically controlled machine tool. As part of the process plan, the NC 
part program is generated automatically by CAD/CAM. The CAD/CAM 
system downloads the NC program directly to the machine tool by means of 
a telecommunications network. Hence, under this arrangement, product 
design, NC programming, and physical production are all implemented by 
computer.'® Figure 3-3 shows a typical CAM cycle in a feature-based 
environment. Steps 1 to through 4 details the feature extraction procedure in 
which the geometric information of the part design has to transfer to some 
format that can be used by CAPP system, while steps 5, 6, and 7 relate to 
CAPP in which a generated process plan can be developed that contains all 
the information required to manufacture the part (setup method, raw 
material, fixturing methods, cutting tools, machines, cutting parameters) and 
finally step 8 and 9 to generate NC code. 


3.3 Feature-Based Technologies 


A graphical model can capture geometric shapes that form the bulk of 
the information needed in an engineering design.'*’ Three-dimensional 
models can be directly used in visualization, saving much effort in prototype 
fabrication and making it easier to integrate with other manufacturing 
functions.'® 

In general, the geometric data for the design can be represented in 
following ways: Wireframe Representation, Boundary Representation (B- 
rep), or Constructive Solid Geometry (CGS). These feature representation 
methods are discussed in detail in Chapter 4. 


After a product’s geometric model is constructed, the geometric data 
need to be transfered into a format that can be used to generate the required 
manufacturing processes. 

This conversion of the geometric data is called feature recognition or 
feature extraction. Several approaches, such as graph matching, syntactic 
recognition, volume decomposition, and rule-based algorithms, have been 
developed for feature recognition.?74777'%!?*!°7 These approaches are 
explained in Chapter 5. 
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Figure 3-3. The CAM cycle in a feature-based design environment’ 
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3.3.1 Types of Features 


The feature-based approach to the application of CAD is an intelligent 
form of design representation in which the design is expressed in terms of 
some high level definition that has direct relevance in various downstream 
manufacturing activities such as process planning.”® Features are defined in 
a different way based on their specific applications as shown in Figure 3-4. 
Therefore, it is difficult to determine an accurate and specific definition of a 
feature. For example, in the manufacturing domain, a feature-based design 
representation is in terms of holes, slots, pockets, steps, and chamfers. 
Traditional CAD represents the design in terms of either 2D entities (lines, 
arcs, circles), or 3D entities (wireframe, surfaces, solids). On the other hand, 
these representations have little significance to the process planner who 
thinks of manufacturing features such as holes, slots, and pockets. Feature 
information permits the process planner to determine the machining tools 
and manufacturing processes required to machine the designed objects. 

Making a decision for the types of configurations a designer wants to be 
features can be difficult and depend on the application at hand. For 
example, Figure 3-5 shows a simple designed object in which designers may 
think about different features in a different way than manufacturing 
engineers do. In this figure, for the designer, this shape can be represented 
using a single slot bisected by the rib “A,” whereas for a manufacturing 
engineer, this shape can be represented using two pockets, “B” and “C.” 
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Figure 3-4. Types of features 
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Figure 3-5. A simple designed object 


3.4 The New Methodology Objectives 


In this book, a methodology for feature analysis and extraction of 
prismatic parts for CAM applications is proposed and an implemented 
system is presented. This approach aims to achieve CAD/CAM integration. 
Different CAD or geometric modeling packages store the information 
related to the design in their own databases, and the structures of these 
databases are different from each other. As a result, no common or standard 
structure has been developed yet that can be used by all CAD packages. For 
this reason this proposed methodology will develop a feature recognition 
algorithm that has the ability to communicate with various CAD/CAM 
systems. 

Part design is introduced through CAD software and is represented as a 
solid model using the constructive solid geometry (CSG) technique. The 
solid model of the part consists of small and different solid primitives 
combined together to form the required designed objects. The CAD 
software generates and provides the geometrical information of the part 
design in the form of an ASCII file (IGES) that is then used as a standard 
format that provides the proposed methodology the ability to communicate 
with the different CAD/CAM systems. The boundary (B-rep) geometrical 
information of the part design is analyzed by a feature recognition program 
that is created specifically to extract the features from the geometrical 
information based on the geometric reasoning and object-oriented 
approaches. The feature recognition program is able to recognize the 
following features: slots (through, blind, and round corners), pockets 
(through, blind, and round corners), inclined surfaces, holes (blind and 
through), and steps (through, blind, and round corners). Also, the proposed 
methodology is developed to handle the interaction between the features. 
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These features are called manufacturing information that is mapped to the 
process planning function as an application for CAM. The features 
recognition program will be developed in C++ language. 


Including this introductory chapter, this section is organized into nine 
chapters. Chapter 4 describes the methodologies of feature representations 
used in many applications. Feature extraction techniques and literature 
review of the previous research efforts in the area of feature representations 
and extraction are presented in Chapter 5. The IGES standard is discussed in 
Chapter 6. Chapter 7 presents the proposed approach for feature extraction. 
The feature interaction methodology is presented in Chapter 8. Chapter 9 
addresses mapping all the extracted features to the process planning aspects. 
Finally, the implementation of the suggested approach is demonstrated 
through examples in Chapter 10. 


3.5 Problems 


3.1. Define computer-aided manufacturing (CAM). 

3.2. What is CAD? 

3.3. List the most important reasons of using CAD systems in the 
manufacturing environment. 

3.4. Define CIM and its components. Explain how it can be implemented 
in the automation of the production organization. 

3.5. What is the main obstacle facing the successful implementation of 
CIM? 

3.6. Discuss the role of CAD/CAM systems in the manufacturing facility. 

3.7. Why does features model play an important role in downstream 
applications? 

3.8. Describe briefly the CAM cycle in a feature-based design 
environment. 

3.9. What are the different types of features? 

3.10. What is the difference between manufacturing features and design 
features? Explain your answer using drawings. 


Chapter 4 


Methodologies of Feature Representations 


This chapter presents discussions related to feature representation 
methodologies. It includes feature ’s definition, wireframe modeling, surface 
modeling, boundary representation (B-rep), constructive solid geometry 
(CGS), and definition of interacting features. These methods are used to 
facilitate the feature recognition process. 


4.1 Feature Definitions 


The traditional separation of design and manufacturing activities in 
modern industry is widely recognized as a major contributor to product 
development costs. Feature-based modeling has proven to be an effective 
and time-saving approach for product design. Features provide a good way 
to handle the design at a higher level of description than engineering 
drawings or traditional CAD descriptions that characterize an object in terms 
of mathematical surfaces or volumes.’ Traditionally, parts were 
represented at a low level using wireframe representation, boundary 
representation (B-rep) and_ constructive solid geometry (CSG) 
representation. Manufacturing information needed for higher level 
applications, such as process planning, could not be extracted directly from 
these models. 

The term “feature” has different meanings in different environments 
depending on the specific domain. For example, in design it refers to a web 
or a notch section, etc., while in manufacturing it refers to slots, holes, and 
pockets, while in inspection it is used as a datum or reference on a designed 
object.” In general, classification of features is totally application 
dependent. It is very difficult to make an application-independent 
classification of features. Based on the existing literature, a classification of 
features according to different perspectives is given in Table 4-1. There are 
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many definitions in the literature for the term “feature, 

which are as follows: 

1. “A feature is any entity used in reasoning about the design, 

engineering, or manufacturing of a product”; 

2. “A geometric form or entity whose presence or dimensions are 
required to perform at least one CIM function and whose availability 
as a primitive permits the design process to occur”**”’; 

“A region of interest on the surface of a part”’*®, 

4. “A geometric form or entity that is used in reasoning in one or more 
designs or manufacturing activities.””; 

5. “A parametric shape associated with such attributes as its intrinsic 
geometric parameters-length, width, and depth-as well as position, 
orientation, geometric tolerances, material properties, references to 
other features”’”. 


io) 


Although many different definitions have been given, the basic of these 
definitions is that features represent the engineering meaning of the 
geometry of a part, assembly, or other manufacturing activity. In this book, 
features are considered as generic shapes with which engineers associate 
certain attributes and knowledge that are useful in reasoning about the 
product definitions. 


Table 4-1. Classification of manufacturing features according to different 
perspectives 
Form features Size, shape 

1, Information support requirement Precision features Tolerance, surface finish 

Material features Material type, material grades, 

heat treatment, etc. 

Design features Center line, radius, 

2. Applicability of the features in function of the features 


different phasess of manufacturing | Process planning features {Starting surface, manufacturing method 
Assembly features Line, radius, tolerance 
Elementary features  jHole, step, etc. 
3. Configuration of the feature Compound features {Stepped hole 
Functional features —_|screw thread 


4, Profile of the features Prismatic features Slot, pocket, etc. 
Cylindrical features Hole, fillet, arch, etc. 


4.2 Features in Manufacturing 


The advantage of feature-based modeling in manufacturing applications 
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is based on associating design feature with manufacturing process models. 
For example, the process model for a machining process would indicate the 
process resources, such as machines, tools, fixtures, and auxiliary materials; 
process kinematics, such as too! access direction; process constraints, such 
as interference and spindle power; process parameters, such as feeds and 
speeds, and other information, such as time and cost.” 

There is a need for a good link for features, process models, and 
resource models that leads to the manufacturing knowledge repository 
organization as shown in Figure 4-1. Operatively, the processes potentially 
suited for the features of a part can be retrieved to construct a manufacturing 
plan for the designed object. Strategically, the data repository supports 
adding new products, processes, and resources to reflect results of new 
product design and manufacturing process development.’ Some important 
manufacturing applications are described in the following subsections. 


4.2.1 Process Planning 


Process planning involves determining the information required for 
manufacturing a part. Most research on process planning includes 
machining operations, although a few works include other areas, such as 
injection-molded parts, stamped and die cast parts, and sheet metal parts. 
The two primary approaches for automated process planning (variant and 
generative planning) are described in the following subsections. 


4.2.1.1 Variant Process Planning (VPP) 


In variant process planning as shown in Figure 4-2, the manufacturing 
engineer uses group technology coding scheme to map a design (G) into an 
alphanumeric code. Then, this code can be used as an index to search the 
process plan database to retrieve a process plan N’ for a design (G’) similar 


to (G) and then adapts N’ manually to produce a process plan (N) for (G). 
In VPP methodology, the key contribution of features is to facilitate group 
technology coding on the basis of the explicitly recorded relationships 
between the feature configurations. In this approach, a computer is used to 
help the designer set and adapt the process plan.’ 
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Figure 4-1. Feature-based manufacturing knowledge repository'”’ 


Several commercial variant process planning systems deliver significant 
benefits but have drawbacks. For example, if the process plan N’ uses an 
obsolete database for manufacturing processes, these processes propagate to 
(N) unless the process engineer makes the suitable modifications. 
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Figure 4-2. Variant process planning'”’ 


4.2.1.2 Generative Process Planning (GPP) 


In the generative process planning (GPP) approach, the planning system 
seeks to synthesize the process plan (N) directly. For machine-designed 
objects, the distinctive approach is to perform the planning on the basis of a 
feature by feature methodology by retrieving candidate processes from the 
manufacturing knowledge repository, selecting the practical processes on the 
basis of geometric and manufacturing information of the designed objects, 
and merging the selected processes in a proper sequence. 

A generative process planning engineer would alter industrial practice of 
the designed objects because of the manufacturability constraints. As a 
result, much research has been developed on generative process planning 
approaches,”’**°? and a number of experimental systems have been 
developed for various characteristics of process planning. On the other 
hand, generative process planning systems have proved quite difficult in real 
manufacturing environments. These difficulties can be attributed to the 
interaction among various characteristics of the problem, such as workpiece 
fixturing, process selection, and process sequencing. Consequently, most 
generative process planning systems work only in some domains that have 
restrictions, and few generative systems have achieved significant in the real 
manufacturing market. 

Even in the absence of comprehensive solutions to the entire process 
planning problem, generative process planning techniques can be useful in 
design for manufacturing in which the designer attempts to take into account 
considerations of manufacturability during the design phase. For instance, 
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generating and evaluating operation plans for a designed object can give 
feedback to designers about possible manufacturability problems with the 
designed object or propose changes to the designed object to improve its 
manufacturability.'*” 


4.2.2 Assembly Planning 


Since most manufacturing products are composed of assemblies of 
individual components, assembling these components is a key point in 
manufacturing products. In light of this fact, it is odd that assembly and 
assembly planning receive far less research attention than individual 
component manufacturing. Assembly planning can be roughly divided into 
three phases”: 

1. Selection of assembly method: identifying the one most suitable 
method for the product while accounting for the type of assembly 
system to be used; 

2. Assembly sequence planning: generating a sequence of assembly 
operations (placing each component in its final position in the 
assembly) to be used to implement an assembly task in a given 
assembly system; and 

3. Assembly operations planning: emphasizing the details of 
individual assembly steps, such as access directions, mating 
movements, and application of fasteners. 


Many assembly process problems can be effectively handled in the early 
design phase, such as poor quality, inefficiency, and high cost. These 
problems have yielded the design for assembly approach (DFA) in which 
the most economical assembly process is selected during design and the 
product is modified to the chosen method.” 

In the robotic assembly process, an operation planning involves 
designing a valid sequence of rigid motions, translations, and rotations that 
bring a component into its final position in the assembly. Various assembly 
tools should be designed, including grippers, jigs, fixtures, pallets, and 
component feeders. Assembly cells must be laid out while monitoring the 
physical restrictions of robot motions. 

Features are potentially attractive for many of these tasks. A feature 
model can record the physical arrangement of components in an assembly, 
as well as attribute information on the physical fit between linked 
components. These data are fundamental for the necessary assembly 
operations and for ways to sequence them. 
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4.2.3 Inspection Planning 


A popular manufacturing development is error free six-sigma 
manufacturing,” which seeks to ensure that bad parts are almost never 
produced. Part inspection is vital for this goal not only to discard bad parts 
but also to provide closed loop control on the quality of the products being 
produced. Consequently, inspection planning is treated as an integral part of 
manufacturing planning. Several research problems remain unresolved in 
inspection planning. To decide which problem to concentrate on, it should 
focus on the product characteristics with the greatest influence on a 
product’s performance. At the same time, it should avoid the cost of 
inspecting characteristics with little significance. Inspection planning is 
deeply involved with such product modeling issues as representations of 
dimensions and tolerances, assembly relationships, and finally, with 
functions and behaviors of physical configurations.'* 


4.3 Geometric Data Format 


From a manual drawing to computer-aided design (CAD), the geometric 
data representation also evolved from simple points and lines to 3D and solid 
data format structure. Geometric modeling can be defined as a group of 
methods that are used to define the shape and other geometric characteristics 
of an object. Basically, the methods of geometric modeling are a synthesis 
of techniques from many fields such as analytic and descriptive geometry, 
topology, set theory, numerical analysis, vector calculus, matrix methods, 
and so on.” 

Geometric modeling is a necessary element of computer-aided design 
(CAD) and has had rapid development due to enormously increased 
computing power technology; otherwise, it would not be possible to analyze 
models of any practical importance. Geometric modeling systems should 
represent and manipulate three-dimensional objects in an unambiguous way. 
The main functions of the geometric modeling system are’”’: 

1. Easy and interactive generation of new solid object, 

2. Easy modification and manipulation of the solid object using 
geometric operators such as rotation, translation, Boolean operation, 
etc. 

3. Easy analysis of the properties of solid objects, and 

4. Effective and easy way of displaying the objects. 


Currently, geometric modeling is required in the field of computer- 
aided manufacturing (CAM) as well as CAD. A designer should be able to 
provide a complete and unambiguous model so that the manufacturing 
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engineers can create a process plan and tool path of the numerical control 
machine, and perform inspection of the final product. This automatic 
linkage between CAD and CAM is impossible if the geometric model is 
incomplete and ambiguous. For manufacturing applications, geometric 
modeling should be able to represent and manipulate three-dimensional solid 
objects in a non-ambiguous way.”” 

There are three different types of geometric modeling techniques for 
representing three-dimensional objects: wireframe, surface, and solid 
modeling.'' 


4.3.1 Wireframe Modeling 


The result of the reverse engineering process is typically a wireframe 
model that is ambiguous and lacks solidity as shown in Figure 4-3. This 
graphic representation does not define the surface information nor does it 
give the volume of the various regions of the part. Because only points, 
lines, and curves are illustrated, the model cannot determine the interior or 
exterior shapes of a surface. Therefore, it is difficult to use this 
representation in automatic manufacturing feature recognition. 

Although the wireframe representation is not considered the major 
format for feature representation, for three main reasons it is still popular in 
design models. First, it requires a less expensive facility which is good for 
small businesses where it is still the fundamental representation.’’' Second, 
this method of modeling needs less computational effort and it is extensively 
used in computer graphics such as the area of display." Third, some 
models need to be interpreted from a paper drawing or physical part by 
optical equipment. The information received from the optical procedure can 
only form the wireframe data and such a procedure is one of the important 
steps in the reengineering area.*’ 


4.3.2 Surface Modeling 


Surface modeling represents a 3D object by describing part surfaces, but 
the interior properties are not defined in this model. This model can 
generate a picture equivalent to those of solid modeling by facilitating 
hidden line removal and shading effects.’ Although this model can 
automatically estimate volume property from the surface definitions, the 
mass property and other important attributes for manufacturing cannot be 
extracted from this model because of undefined interior attributes. 
Therefore, the section cut of an object reveals only the edge definitions of 
the cut surface. 


Computer-Based Design and Manufacturing 79 
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Figure 4-3. Wireframe representation model!” 


The surface model can represent a more accurate and sophisticated 
surface definition than an equivalent solid model. Hence, this model is 
useful for the detection of the NC tool path.'” Basically, there are three 
types of surfaces that can be generated from this model and each type of 
surface fits each particular domain of the designing work”: 

1. Ruled or extruded surfaces, 

2. Surfaces of revolution, and 

3. Sculptured surfaces 

The extruded surfaces are formed by skinning two 2D closed curves or 
extruding one 2D closed curve. This technique is useful for piping design or 
airplane wing design. The surface of evolution can be created by rotating 
the 2D curve about an axis. For example, this method is useful in creating 
such a symmetrical object as a cylindrical part. The sculptured surface is 
used to create more complex surfaces such as a ship's hull or an automobile's 
fender. 

There are many ways to create 3D surfaces such as polygon meshes and 
parametric cubic patches. Even though the algorithm of polygon meshes is 
simple, the major disadvantage is that this model represents a curve 
approximately by using polygon meshes. As a result the exact definition of 
the curve is impossible. Parametric cubic patches identify the coordinates of 
points on a curved surface using three parametric equations. Each bicubic 
patch is constructed from the corresponding curve, and there are three 
typical types: Ferguson’s, Bezier, and the B-spline methods.'”* 
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4.3.2.1 Ferguson’s Curve 


Ferguson’s curve is defined by two end points and two tangents at the 
end points as shown in Figure 4-4. 


to ty 
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Figure 4-4. A Ferguson’s curve segment 


The Ferguson’s curve is defined by the following equation””*: 


923 9110 
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r(t) =[P) P, T, T;] ere 0<t<1 (4.1) 
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The end points and the tangents at the end points are explicitly defined. 
Consequently, it can be easily used to design continuous and smooth curve 
segments. However, it is difficult to relate the tangent vectors to the overall 
shape of the curves. 


4.3.2.2 Bezier’s Curve 


One solution to the problem of efficiently saving and redrawing a 
smooth curve was independently developed in the late 1960s by two French 
automobile engineers, Pierre Bezier, who worked for Renault automobile 
company and P. de Casteljau, who worked for Citroen. Originally, the 
solutions were considered industrial secrets, but Bezier’s work was 
eventually published first. The curves that result using Bezier’s method are 
called Bezier curves. 

The method of Bezier curves allows us to efficiently store information 
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about smooth shapes and to quickly stretch, rotate, and distort these shapes. 
Bezier curves are now commonly used in computer-aided design work and 
in most computer drawing programs. They are also used to specify the 
shapes of letters of the alphabet in different fonts. By using this method, a 
computer and a laser printer can have many different fonts in many different 
sizes available without using a large amount of memory. The Bezier’s curve 
B(t) defined for the four points’ Po, Pi, P2, and P3 is shown in Figure 4-5. 
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Figure 4-5, Bezier’s curve B(t) 
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where: 
The four points Po, P,, P2, and P3 are called control points for the Bezier’s 


curve. 


4.3.2.2.1 Properties of Bezier Curves 


Bezier curves have a number of properties that make them particularly 
useful for design work, and some of them are stated below: 
1. B(O) =P» and Bd) = P3. So the Bezier curve goes through the points 
Po and P3. 
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This property guarantees that B(t) goes through specified points. If 
two Bezier curves need to be fit together, it is important that the 
value at the end of one curve matches the starting value of the next 
curve. This property guarantees that control the values of the Bezier 
curves at their endpoints can be controlled by choosing appropriate 
values for the control points P, and P3. 


B(t) is a cubic polynomial. 

This is an important property because it guarantees that B(t) is 
continuous and differentiable at each point so its graph is connected 
and smooth at each point. It also guarantees that the graph of B(t) 
does not distort too much between control points. 


B'(0) = slope of the line segment from Pp to P;: B'(1) = slope of the 
line segment from P, to P3. 

This is an important property because it means it is impossible to 
match the ending slope of one curve with the starting slope of the 
next curve to result in a smooth connection. 


For 0 <t <1 the graph of B(t) is in the region whose corners are the 
control points. Visually, property (4) means that if a rubber band is 
put around the four control points Po, Pi, P2, and P3; as shown in 
Figure 4-6, then the graph of B(t) will be inside the rubber banded 
region. This is an important property of Bezier curves because it 
guarantees that the graph of B(t) does not get too far from the four 
control points. 


A 


Figure 4-6. Property 4 of Bezier’s curve 
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4.3.2.3 B-spline Curve 


B-spline curve (non-uniform) is a general case of Bezier’s curve. It is 
usually defined in a Cox-deBoor recursive function’ 


L 
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0, otherwise 3 
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L = number of control points, 
n = degree of the curve. 


The Bezier and B-spline methods have many common advantages. One 
is that control points can be adjusted in a predictable way making them ideal 
for use in an interactive CAD environment. Another advantage is that local 
control of the curve shape is possible. In this case, the Bezier method has a 
disadvantage because if the order of polynomial is increased by adding more 
control points when more control of shape is needed, the order of 
polynomial does not change in the B-spline method. 


4.3.3 Solid Modeling 


Solid modeling is the most comprehensive model from the 
manufacturing aspect. This model overcomes the drawbacks of both 
wireframe and surface models by providing a full solid definition of a three- 
dimensional object. This model recognizes the solid object as a volumetric 
description, and it can also handle both surface and edge definitions of an 
object. Therefore, the mass property, volume property, surface property, and 
other important engineering properties can be derived in this model.” In this 
book, solid modeling is used to represent the designed object. This method 
is discussed further in the following subsections. 
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4.3.3.1 History and Overview 


The origins of solid modeling are traced back to the key technological 
inventions of the 1950s — computer graphics and NC machining. These 
spawned the developments of computer-based geometric systems to aid in 
the description of the object’s geometry, which is the main activity in design 
and manufacture of mechanical parts. This resulted research into the 
development of computer-aided design and computer-aided manufacturing 
(CAD/CAM). Preliminary systems used electronic drafting and wireframe 
models to represent the shape of three-dimensional objects. Subsequent 
systems developed in the 1960s used polygonal and surface-based models 
which were utilized for a variety of applications in aerospace, marine and 
automotive industries. 

Until the 1970s, these models were used in a broad manner. They were 
merely a collection of lower dimensional entities (polygons, surfaces, lines, 
curves, and points) put together in an unstructured manner to represent a real 
object. The developments in CAD/CAM led to the crucial questions about 
the uniqueness and the validity of these models, issues that until then were 
unimportant from the point of view of computer graphics and _ its 
applications. In the late 1970s, these issues were resolved by the Production 
Automation Project at the University of Rochester, where the term “solid 
modeling” was coined.’ This group developed new mathematical models 
for representing solids and identified the relevant properties of an 
informationally complete representation. They also identified the mathe- 
matical! operations that could be used to manipulate these models. After that 
several other models have been proposed along with different representation 
schemes.” 

In the 1980s, several solid modeling systems were developed and used 
in the commercial CAD/CAM world, including the automobile, aerospace 
and manufacturing industries. Moreover, many advanced CAD/CAM 
applications of solid modeling have emerged such as feature and constraint 
based modeling, automatic mesh generation for finite element analysis, 
assembly planning including interference checking, higher dimensional 
modeling for robotics and collision avoidance, tolerance modeling, 
automation of process planning tasks, etc. Currently, solid modeling 
techniques have gained importance in the industry and are also actively 
pursued as a research field in academic institutions. Figure 4-7 provides a 
summary of solid modeling history technology evolution. 

To summarize, solid modeling provides a framework to model and 
represents an object’s shape in the computer, and to perform operations. In 
addition, a group of application-independent geometric tools and algorithms 
is provided that can be used to query/analyze the model to obtain 
unambiguous results. These tools can be used or combined with other 
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application-specific tools to perform the required task. The issues related to 
data structures and geometric algorithms, and their efficiency, reliability, and 
robustness also form an important aspect of solid modeling. 

The academic effort in solid modeling utilizes several disciplines in 
many applications, including algebraic geometry and topology, differential 
geometry and topology, combinatorial topology, computer science, and 
numerical analysis. Another well established and closely related field is 
computer-aided geometric design (CAGD), which concentrates on 
developing techniques for freeform surface design used to model curves and 
surfaces.'7>!”? 


4.3.3.2 Types of Solid Modeling 


: . . : : 116,1 
There are six basic types of solid modeling representations''®' as 


shown in Figure 4-8. 


1. Boundary Representation (B-rep): The object is represented by the 
means of the bounded faces that enclose it. Each face is represented by 
its bounding edges and vertices. 


2. Constructive Solid Geometry (CSG): The object is represented by an 
ordered tree of the Boolean operations. Non-terminal nodes represent 
Boolean operators such as regularized union, intersection, or difference. 
Terminal nodes represent a primitive solid and transformation data. 


3. Cell Decomposition: The object is represented as the sum or union of a 
set of cells into which it is divided. The disjoint cells can be of any shape 
and size. This representation technique is the base of finite element 
modeling. 


4. Spatial Occupancy Enumeration: The object is represented by a list of 
the cubical disjoint spatial cells that it occupies. This is the special case 
of the cell decomposition where the shape of the cells is cubical. 


5. Primitive Instancing: The object is represented by a set of solid 
primitives such as cuboid, cylinder, cone, etc. Each primitive is usually 
defined parametrically and located in space.'” 


6. Sweeping: The object is represented by moving a curve or a surface along 
some paths. This method is useful to model constant cross-sectional 
parts and symmetrical parts.” 
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Figure 4-7. Solid modeling technology evolution 
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Figure 4-8. Basic types of solid modeling representation’ 
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Figure 4-8. Basic types of solid modeling representation (cont.) 


4.4 Boundary Representation (B-rep) 


Boundary representation (B-rep) is one of the solid modeling methods 
that are extensively used to create a solid model of a physical object and also 
used in a geometric data model.'*' Boundary representation describes the 
geometry of an object in terms of its boundaries, namely the vertices, edges, 
and surfaces which represent entities of two dimensions, one dimension and 
zero dimension, respectively.”> In order to represent a solid object by its 
surfaces, the orientation of each surface must be defined as the interior or 
exterior of the object. Typically, the inside is the material part and the 
outside is the void space. In a boundary representation, a face must satisfy 
the following conditions: 

1. A finite number of faces define the boundary of the solid. 

2. The face of a solid is a subset of the solid’s boundary. 

3. The union of all the faces defines the boundary. 

4, The face itself is a limited region or subset of the more extensive 

surface. 

5. A face must have a finite area and is dimensionally homogeneous. 


A solid is bounded by orientable surfaces, and one can then define a 
solid by a set of faces. Consequently, the enclosed volume of the object can 
be completely defined. Figure 4-9 shows the topology of the solid model 
which presents the object as a set of faces. Each face is bounded by edges, 
and each edge is bounded by vertices. To separate the points that are inside 
or outside of the object, the direction of the surface normal is used to attach 
the face. This information is typically encoded by numbering the edges in a 
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sequence such that the right-hand rule defines the vector that points outward 
from the object. 

Geometrical data include coordinates of the vertices and transformation 
(translation and rotation) and metric information, such as distances, angles, 
area, and volumes. Much of the research in this area uses boundary 
representation to study the machining features.°°7'1°%!?2'°193_ However, in 
order to use boundary representation, the topology relations should be stated 
between each set of surfaces in order to identify the surfaces in order to 
identify the shape and volume of the object. 
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Figure 4-9. A boundary representation'” 


Parts can be classified as either polyhedral or curved objects. A 
polyhedral object is presented by planar faces connected with straight edges 
which, in turn, are connected at vertices. A boundary representation model 
is not limited to a planar surface. Different types of surfaces geometries can 
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be described by different B-rep models which approximate curved surfaces 
as a combination of planar surfaces. 


4.4.1 Euler’s Formula 


The validity of B-rep model can be checked by using Euler’s formula.” 
Each edge in a topological valid B-rep is always adjacent to exactly two 
faces and is terminated by two vertices. Euler’s formula states that for any 
topological valid solid, the number of vertices in addition to the number of 
faces is equal to the number of edges plus two 


V+F=E+2, (4.4) 
where 
V = number of vertices, 
F = number of faces, 
E = number of edges. 


Topological correctness (all necessary geometric elements are presented 
and connected properly) does not guarantee a valid solid. If the geometry is 
altered, the topological model no longer represents the actual shape of the 
designed part. The geometric and topological definitions of the model may 
become contradictory, which results in an invalid object. Therefore, Euler’s 
formula does not always give a valid object. For example, Figure 4-10 
shows the geometrical and topological definitions which are conflicting and 
therefore cause an invalid object. Figures 4-10 (a) and (b) show the surface 
modification that result in a valid object. On the other hand, Figure 4-10 (c) 
shows a surface modification that results in an invalid object. 
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Figure 4-10. Valid and invalid objects 
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The result when two B-rep blocks are combined is shown in Figure 4-11. 
Originally, there are 8 vertices on each block and 2 are inside the combined 
object. Six new vertices are created from the combined object. The total of 
vertices (V) is now 20. The basic two blocks have 24 edges, and all exist 
with the object. Six more edges are created by the union operation. The 
total number of edges (E) is 30 (24 +6) and the total number of faces is 12. 
Therefore, after applying Euler’s formula (20 + 12 = 30 + 2), it can be 
concluded that the resulting object has the right number of topological 
elements. 


Figure 4-11. Two cubes combined 


4.5 Constructive Solid Geometry (CSG) 


Another popular data format in solid modeling is constructive solid 
geometry (CSG). The CSG is a modeling method that defines the complex 
solids as compositions of simple solid primitives.''? In CAD systems, 
primitives can be either from a fixed set of predefined primitives built in the 
CAD system or defined primitives created specially by the users.” For 
example, the standard solid primitives shown in Figure 4-12 are block, 
cylinder, sphere, torus, wedge, and cone. In the CSG model representation, 
the part design is represented by an ordered binary tree. The ordered binary 
tree consists of nodes, where these nodes are either terminal or non- 
terminal’ as shown in Figure 4-13. Terminal nodes (leaf) can be either 
primitive or primitive with transformations. Non-terminal nodes (roots) are 
either Boolean operators (union U, difference -, and intersection M) or solid 
object motions (translation and/or rotation). Each non-terminal node 
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represents a combination of two solid primitives in the tree.'” 


Block Cylinder 
Sphere Wedge 
Torus Cone 


Figure 4-12. Solid primitives 
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Figure 4-13. Constructive solid geometry (CSG) tree 
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4.6 Advantages and Disadvantages of (CSG) and B-rep 


Most solid modeling systems have adopted either CSG or B-rep as 
internal representations of solids. In this section, the advantages and 
disadvantages*”''? are summarized in Table 4-2. 


Table 4-2. Advantages and disadvantages of CSG and B-rep 


Representation 
Type 


Advantages 


Disadvantages 


The data file of CSG 
is concise. 

CSG guarantees, 
automatically, that 
objects created by 
CSG are valid. 

CSG is more user 
friendly. 

Algorithms for 
converting CSG into 
B-Rep have been 
developed. 


CSG database 
contains information 
about a solid in an 
unevaluated form. 
The validity of a 
feature of an object 
can not be assessed 
without evaluating the 
entire tree. 

The tree is not unique 
for the same part 
design. 


The information is 
complete especially for 
adjacent topology 
relations. 

Considerable number of 
methodologies developed 
for engineering analyses 
is based on B-Rep. 
B-Rep has the most 
refined geometric 
information compared to 
the others. 


B-rep needs further 
feature extraction 
procedures to extract 
features from its face- 
edge-vertex database. 
B-rep model does not 
provide any explicit 
information spatial 
constraints between 
features. 

The data structure of B- 
rep is complex compared 
with that of CSG. 


Two distinct approaches are used to incorporate features into the part 
modeling. These are Feature Recognition and Feature-based Design. 
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4.7 Feature Recognition 


Feature recognition involves the identification and grouping of feature 
entities from a geometric model. Such “post definition” of features can be 
done interactively or automatically. Usually, identified entities (i.e., the 
recognized features) are extracted from the model and additional engineering 
information such as tolerances and nongeometric attributes are then 
associated with the feature entities.'“ Figure 4-14 shows the procedure of 
feature recognition. 
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Figure 4-14. Feature recognition procedure 
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4.8 Feature-Based Design 


Design by features, or the so-called feature-based design (FBD), uses a 
library of 2D or 3D features as design primitives on the product modeling 
level. The use of features provides a more natural interface between design 
and solid model.” In mechanical design, for example, a designer can work 
directly with high-level entities such as a pocket rather than associating low- 
level entities in which vertices and edges form a pocket. Features allow the 
capability of providing additional information useful for process planning.'®” 
Since features reflect specific manufacturing processes, they assure the parts 
can be produced.””*'* Figure 4-15 shows the design by feature procedure. 
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Figure 4-15. Feature-based design 


The integration of design by feature and feature recognition is applicable 
for design and manufacturing integration. A user can create a context- 
dependent representation that is specific and informative enough to satisfy 
the requirements of an application. While in the recognition process, the 
user builds the geometric model of a part that is successively mapped into 
the feature based model.''° 

Feature recognition is also used to directly recognize features from a 
CAD model of a part. It is easy to derive a geometric feature from the 
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higher level entities of a part model, in which each feature is associated with 
a component of a solid model. On the other hand, to transform the 
geometric model into a feature representation is more difficult. There are 
many methods that are used to extract features from CAD model. These 
methods are discussed in detail in the next chapter with literature review. 


4.9 What Are Feature Interactions? 


Interacting features are complex feature subparts on the part that cannot 
be recognized as any isolated standard feature. Shah and Mantyla'™ defined 
feature interactions as “Feature interactions are intersections of feature 
boundaries with those of other features such that either the shape or the 
semantics of a feature are altered from the standard or generic definition.” 

An important distinction must be made between intersecting and 
interacting features. Interacting features are defined in the context of design 
by features in which design features are used to build the model.'* The 
addition (or subtraction) of a feature to the part can result in the creation of 
several new features due to interaction between the features. On the other 
hand, intersecting features are present on conventional representations and 
not generated by feature operations.”” 

Algorithms are needed to extract both intersecting and interacting 
features, but operating on different input representations. Feature 
interactions also take on a different meaning in process planning. If the set 
of machining features is not machined in the correct sequence, one feature 
can interact with another feature already on the part, thus generating an 
incorrect part. 

The feature interaction problem can be treated as a problem of feature 
relationships. There is no existing feature recognition system that could 
recognize all types of 3D solid primitive features and their various 
interacting combinations.” The remainder of this section defines the 
problem of interacting features with an example. Interacting features are 
very common on manufacturing designed objects. As shown in Figure 4-16, 
there are six features on the raw material of the workpiece, and the 
interaction between the features is listed in Table 4-3. 
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Through Slot A 


Through Step B 
Through Slot 


Through Step A 
Through Slot B 


ke 
lind 


Blind Hole 


Figure 4-16. Interacting features 


Table 4-3. Possible feature interactions 
Feature Type 
Simple Blind Hole 


Through Step A interacting Through Slot 
Interacting Through Step B interacting Through Slot 


Through Slot A interacting Through Slot 


Through Slot B interacting Through Slot 


4.10 Summary 


In this chapter, feature definition, wireframe modeling, surface 
modeling, boundary representation (B-rep), constructive solid geometry 
(CGS), and definition of interacting features were discussed. Techniques 
and approaches that are used to extract and recognize the features are 
discussed Chapter 5. 


4.11 


4.11. 
4.12. 


4.14. 
4.15. 


4.16. 


4.18. 


4.19. 


Computer-Based Design and Manufacturing 99 


Problems 


Define the term “feature.” 

Classify the manufacturing features. 

What are the advantages of feature-based modeling in manufacturing 
applications? 

Describe briefly the definition of process planning. Discuss its 
primary approaches. 

Construct a diagram showing how a feature-based manufacturing 
knowledge repository is implemented in the process planning. 
Distinguish between variant process planning and generative process 
planning. 

What are the phases of assembly planning? 

Define geometric modeling. 

What are the main functions of geometric modeling? 


. Discuss the three different types of geometric modeling techniques. 


What is the disadvantage of using wireframe model in automatic 
manufacturing feature recognition? 
What are the differences between a surface model and a solid model? 


. Discuss the three different types of surface modeling. 


Describe the Bezier curve and list its properties. 

Why is solid modeling considered the most comprehensive model 
form the aspect of manufacturing? 

Explain the basic types of solid modeling representations. 


. Describe briefly boundary representation (B-rep). 


Construct the boundary representation (B-rep) for the following 
component: 


By using Euler’s 
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4.20. Explain constructive solid geometry (CSG). 
4.21. Construct a CSG tree for the following component: 


4.22. What are the advantages and disadvantages of (CSG) and B-rep? 
4.23. Define feature recognition and explain its procedure. 
4.24. Define design by features and explain its procedure. 
4.25. What are feature interactions? 
4.26. The Ferguson curve can be defined by the following data: 
Two points: Po = (0,0,0) P; =(3,0,0) 
Two tangents: Tp =[1 3 0] T, ={1 -3 0] 
Develop an equation representing the curve. 
4.27. The Bezier curve can be defined by the following data: 
Po a (2,0,1) Py > (3,0,4) 
P, = (7,0,4) P; =(11,0,1) 
Develop an equation representing the curve. 
4.28. The B-Spline curve can be defined by the following data: 


L=5 n=3 to =0 t= th =3 
B=4 t=5 ts=6 ts = 

Po = (0,0) P; = (2,2) P, me (2,1) P3 re (4,0) 
Py ze (6,1) Ps = (5,2) 


Develop an equation representing the curve. 


Chapter 5 


Feature Extraction Techniques 


This chapter presents a brief review of previous work on the related 
topics of feature representation and recognition. Section 5.1 describes 
previous research efforts in the area of feature representation. Section 5.2 
describes previous research in the area of feature recognition. 


5.1 Feature Representation 


The recognized features and their relationships, which are the result of 
the feature recognition process, are used to recreate the designed object. A 
feature has a higher level of abstraction than a geometric solid primitive in 
the traditional solid model.'** Manufacturing information, which is related 
to a specific application activity, can be incorporated with the model. 
Features not only represent the form but should also contain information on 
its functions and interrelationship with other features.’ 


Feature representations by a boundary representation (B-rep) and 
constructive solid geometry (CSG) are the most broadly used representation 
methods because CSG and B-rep are more commonly used and can specify 
the actual spatial occupancy of an object. The CSG of the solid model is 
specified with a set of Boolean operations and a set of 3D solid primitives. 
On the other hand, the B-rep of a solid model contains information about 
faces, edges, and vertices of a surface model and at the same time includes 
topological information that defines the relationship between the faces, 
edges, and vertices. In the next subsections, a literature survey in the area of 
feature representations is presented. 
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5.1.1 Feature Representation by B-rep 


Henderson and Anderson’! used production rules in the PROLOG 
format structure to identify part features. A 3D solid model in B-rep is 
converted into PROLOG facts. The pattern matching mechanism of 
PROLOG was used to search the part’s facts and try to satisfy the feature 
rules. Since this system can include only a limited number of features, it 
cannot recognize all possible machining features. 

Kang and Nnaji”® developed a feature representation and classification 
model for an automatic process planning system. The representational 
scheme is based on B-rep. The part feature attributes are defined by the 
geometry of the workpiece and the function that they serve. Based on this, a 
generalized feature definition is presented and schemes for classification and 
representation of features in the domains of mechanical assembly and sheet 
metal fabrication are developed and presented. 

Srikantappa and Crawford'” developed a feature representation using a 
vocabulary of structural primitives and geometric primitives. The structural 
primitives are defined as important partial areas of features and the 
geometric primitives are defined as various spatial configurations of 
structural primitives or symmetry axes of features. The representation 
includes a set of structural and geometric primitives, along with the 
methodology for modeling features with interacting and interfeature 
relationships. Semantic networks implemented as graphs were used for 
representation of intermediate geometry. Nodes of the graph represent 
features and the spatial relationships are represented as labeled arcs between 
nodes. 

Liu et al.’ developed an automatic feature extraction system for 
prismatic parts. The parts were generated by B-rep. In this system, the 
automatic feature extraction system used an object-oriented data structure 
that was designed to allow modeling and manipulating of manufacturing 
parts. The system consisted of three algorithms that translate the data in a 
CAD file into manufacturing features that could be used in CAPP. The 
algorithms were the concave edge test, the oblique convex feature extraction 
algorithm, and the complex convex minimal enclosing box feature extraction 
procedure. The system also generated a classification scheme that identifies 
features that related to manufacturing. However, the features in this system 
were very limited and the rotational parts were not considered. 

Tseng and Joshi'™ developed a method for feature recognition of mill- 
turned parts. B-rep was used to create rotational and prismatic components. 
This method was based on machining volume generation approach to 
recognize and classify features. The feature volumes were generated by 
sweeping boundary faces along a direction determined by the type of 
machining operations. In this approach, first, the part was segmented into 
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several rotational machining zones. Next, the prismatic features were 
recognized on the basis of intermediate rotational shapes using volume 
decomposition and maximal volume sweeping and_ reconstruction. 
Classification of prismatic features was done by using the face adjacency 
relationships, while classification of rotational parts was performed by using 
profile edge patterns. 

Aslan et al.’ developed a feature extraction module only for rotational 
parts to be machined at turning centers. In this research, the DXF file format 
was used to extract 2D, which was represented by B-rep, for rotational parts. 
This extraction module was a part of an expert system called ASALUS. 
ASALUS was designed to manage the life cycle of rotational parts from 
design all the way to production by performing process planning using a 
generative approach and applying post-processing for two different CNC 
lathes. Prismatic features and the intersecting features were not involved in 
this module. 

Nagaraj and Gurumoothy described an algorithm to extract 
machinable volumes that need to be removed from a stock. This algorithm 
can handle both prismatic and cylindrical components by using B-rep model. 
The machinable volumes can be used to automate process planning and NC 
tool path generation. The algorithm identified the cavity volumes in the part 
with respect to outermost faces in the part and filled them with the 
appropriate primitive volume to obtain the stock from which the part can be 
realized. 

Kayacan and Celik’ developed a feature recognition system for process 
planning for prismatic parts. This system was achieved with the B-rep 
modeling method to give vectoral direction knowledge and adjacent 
relationships of surface using the STEP standard interface program. The 
feature recognition system was prepared on IPM compatible PC by using 
C++ programming language. 

Fu et al.°' developed a feature extraction approach that had the ability to 
be compatible with different CAD systems through STEP and IGES formats. 
Their feature classification was related to product design and manufacturing. 
In this book, multi-level feature taxonomy was proposed based on the 
feature geometry and topological characteristics. The lowest level features 
in the feature taxonomy were equivalent to the features defined in STEP 
AP224. The other levels of features were defined such that the entire feature 
identification approach could be elaborated and implemented. The approach 
and the detailed algorithms were implemented in the CAS.CADE object 
library environment in B-rep. The features were restricted to simple form 
features but the interaction between them was not involved. 
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5.1.2. Feature Representation by CSG 


Requicha and Chan'* developed a system for representing surface 
features in a solid modeler based on constructive solid geometry (CSG) and 
for associating tolerances and other attributes with such features. Their 
approach treats tolerances as properties or attributes of object features that 
are part of the object’s surface or topological boundary. They developed a 
graph structure called the variation graph (V graph) to represent these 
features and attributes. 

Shah and Roger'® developed an integrated system for form features, 
precision features, and material features. The solid representation of the 
form features is stored as a feature-producing volume (CSG tree) and 
Boolean operators. An object-oriented programming approach is used to 
represent the feature descriptions. The feature relationship graph is created 
at the top level of the model, where both the adjacency and the parent-child 
dependency of the form features are stored. 

Perng et al.'*’ developed a method that converts a pant’s CSG tree 
representation into its equivalent destructive solid geometry (DSG) tree 
representation, and the types of machinable features are then identified from 
the DSG tree. A DSG tree can be defined as a special kind of CSG tree in 
which all geometric operations are of a difference type. The disadvantage of 
this method is that the CSG-rep model does not uniquely represent a given 
shape, causing nonstandard representation of a shape possibly producing 
erroneous process plans. 

Sheu'® developed a computer-integrated manufacturing system for 
rotational parts. The constructive solid geometry (CSG) representation was 
used to construct the solid geometry of the part. The parametric design and 
feature-based solid model were used to specify the manufacturing 
information required to the proposed system. In this system, the boundary of 
a solid model could be transferred directly into the line and arc profiles. The 
boundary profiles were the output to a drawing with the DXF format. The 
part model was created by using the cylinder, the cone, the convex arc, and 
the concave arc as primitives. This system had the ability to convert the 
wireframe part model into a CSG representation by the feature recognition 
approach. Only a limited number of features could be recognized by this 
system. Prismatic components and their interactions were not considered. 


5.1.3. Feature Representation by B-rep and CSG 
(Hybrid Method) 


Roy and Liu'” presented the framework of an integrated design and 
manufacturing system: a hybrid CSG and B-rep coupled with a structured 
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faces adjacency graph representation (SFAG). The main idea behind the 
representational scheme is to capture topological knowledge and geometrical 
relationships among the lower level entities and to incorporate the object 
attributes and their semantics. 

Gossard et al. presented a method for explicitly representing dimension 
tolerances and geometric features in solid models. They created a hybrid 
CSG/B-rep structure using the relative-position operator (RPO). The RPO is 
used to represent dimension and tolerance, explicitly. The scheme can 
support dimension driven geometry and other engineering applications. 

Nnaji and Liu’ described a system that extracts features relevant to 
assembly and machining from a CSG-based CAD system with the ability to 
transform a CSG structure into a B-rep. The system transforms CAD 
information into PROLOG rule format structure. The PROLOG database 
was used to determine concave edges, convex edges, concave faces, and 
convex faces. In finding groups of concave faces, a concave face is added to 
the group if it shares a concave edge with one of the group’s members. A 
depth first search among all the faces of a pan is used to identify all of its 
concave face groups. Each concave face group is assumed to form a 
concave feature of the part. Production rules were used to differentiate 
between the machining features. The recognizable features are also limited, 
and feature interaction is not considered. 

Wang and Ozsoy’” presented a system for representing features, 
dimensions, and tolerances in geometric models. The representational 
scheme is created by using a combination of CSG and B-rep. Features are 
classified as either form features or primitive features. A generic feature 
library is established for the parametric representation of the form features. 
Form features are actually built of primitive features. Form features and 
primitive features are both considered in the hybrid representation scheme. 
Dimensions and tolerances are represented by using a constraining operator 
that describes the dimensional relationship within an object. 

Rozenfeld and Kerry’ tried to present a solution for automated process 
planning for parametric parts, which at the same time meets the planning 
requirements of any other parts and products in a real industrial 
environment. The parts were presented in their CAPP system by a 
parametric CAD module. In this representation, the parts were represented 
by parameters such as the ones described through features and their 
attributes. It was not clear which type of features that CAPP system can be 
developed. 


5.2 Feature Recognition Techniques 


Feature recognition algorithms are heavily dependent on the type of data 
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provided by the geometric modeler of the CAD system. The CAD modeler 
determines the method by which the user can create a design drawing and 
the data structure for storing the CAD model in the computer memory. The 
data structure is determined by the types of information to be stored in the 
CAD database. Many researchers attempted to extract features from the 3D 
CAD model of a part model.’ The feature recognition algorithms can be 
classified by their approaches to the problems as follows: 

The syntactic pattern recognition approach 

Logic-based approach 

Graph-based approach 

Expert system/artificial intelligence approach 

Volume decomposition and composition approach 

3D feature recognition from 2D features approach 


5.2.1 The Syntactic Pattern Recognition Approach 


The syntactic pattern recognition approach uses the semantic primitives 
for part analysis. The structure information is used to create a description 
and a classification of the part. Features can be identified by parsing the 
feature against the object descriptions in the grammar. 

In pattern recognition approach, the symmetric part designs are used 
mainly for feature recognition.'” The features of the part design are 
represented in this approach by some semantic (pattern) primitives as shown 
in Figure 5-1 (A). These semantic (pattern) primitives are written in a string 
form in Figure 5-1 (C). A set of grammars and rules is used to define a 
particular character string. A parser is used to decide if the input character 
string is true or not. The main components of the syntactic pattern 
recognition method are an input string, a pattern grammar, and a parser. 
The input character string can be represented by a combined set of pattern 
primitives”. Each feature's edge can be replaced by a directed pattern 
primitive. The sequences of the input string primitives are the same as the 
feature edge directions. For example, the input string ABCAGHA 
represents the direction of edges that form a countersink hole shown in 
Figure 5-1 (B). 

The pattern grammar is a set of production rules. The production rules 
are used to represent the available various types of the input strings that can 
be recognized by the system. An example of a production rule for a 
countersink hole shown in Figure 5-1 (B) is as follows: 


IF the input sting is ABCAGHA 
THEN the feature is a countersink hole 
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2 xe ABCAGHA 


D 
Cc 


A. Pattern primitives B. Countersink hole C. Input string 


Figure 5-1. Syntactic pattern recognition approach 


A parser can be defined as a process of determining if an string of a 
model can be generated by the pattern grammar or not. This means a 
hierarchical analysis of a sentence that is sometimes called syntax analysis. 
The parser searches for the elements of the input string and tries to match it 
with the appropriate production rule. 

Staley et al.'”® developed a system to recognize holes from a 3D solid 
model. A string representation was used as an input cross section of the part. 
Li and Bedworth® developed a system to detect rotation from an initial 
graphics exchange specification (IGES) file for an automated process 
planning system. A pattern string is used as a 2D representation associated 
with the part geometry data. The feature algorithm is performed on the 
string of patterns to match predefined features. 


5.2.2. The Logic-Based Approach 


The logic rules are used with the B-rep representation modeling and the 
CSG representation modeling approaches for feature recognition. In the B- 
rep representation model, the part is described in its lower level such as 
faces, edges, and vertices.” A higher level is needed for accomplishing part 
recognition where this higher level is called feature. Each feature can be 
recognized by a separate rule. Features are recognized one by one in 
sequence until the whole set of features of the solid model is achieved. For 
example, to recognize a pocket feature that is shown in Figure 5-2, the 
following rule can be used, where adjacency of faces means the existence of 
common edges: 


IF face F, is adjacent to face F, and 
face F, is adjacent to face F, and 
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THEN 


and 
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face F, is adjacent to face F, and 
face F, is adjacent to faces F, F, F, F, and 
angle between F, and F, is < 180 (concave), 


angle between F, and F, is < 180 (concave) 
facesl,,F,,F,,F,, and F, form a_ pocket 
feature 


Figure 5-2. A pocket feature 


In the CSG representation model, the part design is represented in terms 
of a solid model. 
cylinder, sphere, torus, wedge, and cone) where the solid primitive (feature) 
is considered as a higher level of representation.'*!°? For example, if the 
Boolean operation between two solid primitives is subtraction and the 
subtracted solid primitive is a cylinder, then the recognized feature is a hole 
according to the dimensions and position of the cylinder. The following rule 
can be implemented for hole recognition: 


IF 


THEN 


This solid model consists of solid primitives (block, 


the Boolean operation is Subtraction, 

and the dimensions of the subtracted solid 
primitive are less than the solid model 

and the subtracted solid primitive is a 
cylinder 

the feature is a hole 
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Munns'”' developed a methodology to extract the features based on rule 
based approach. The CSG representation was used to represent the objects. 
In this approach, a methodology was developed to examine the spatial 
position relationships. These relationships were classified into two 
categories: relationships among geometric elements (two vertices, a vertex, 
and an edge) and relationships among primitive objects (two blocks, a block, 
and a cylinder). The extracted features were restricted to a limited number 
of features such as slot and step. The interaction between the features was 
not discussed. Furthermore, the example that was demonstrated to explain 
the approach was related to the construction (a layout of a building) which 
was not compatible with the manufacturing domain. 

Sharma and Gao'® developed a process planning system using the 
international standard for the exchange of the product model data (STEP). 
The developed system can generate process plans without any user 
interaction. The system consisted of decision logic stored in an external 
database that makes it generic and compatible with any manufacturing 
applications. The system also accepted a feature tree generated using the 
feature model editor which had been developed as an add-on to the system. 
The system handled only single-piece machined (prismatic) parts. 


5.2.3 Graph-Based Approach 


Topological relationships between geometric entities of a CAD model 
can be represented using a graph approach that simplifies the analysis of the 
geometric entities for feature recognition. Simple heuristics can be applied 
to the graph to identify features. In this approach, the B-rep of a part is 
translated into a graph whose nodes and arcs represent the information of a 
part. Feature recognition is achieved by finding a sub graph from the shape 
of a designed object where the subgraph is isomorphic to the feature graph. 

As shown in Figure 5-3, the geometrical information of the solid object 
can be represented with respect to its faces, edges, or vertices. In this model, 
if an object is represented by its faces, each face of that object can be 
described by its neighbor faces, its boundary edges, and its boundary 
vertices as shown in Figure 5-4. The graph-based model can also be 
represented in the form of an adjacency matrix as shown in Figure 5-5. The 
adjacency matrix is a binary matrix whose elements are O's and 1’s, where 0 
represents no connectivity between faces, edges, and vertices, and 1 
represents an existing connectivity. 
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Fl 
EI, E4, E5 
V1, V2, V5 
F2, F3, F4, FS 


[Intersecting Edges |E1, E4, ES 
Fi, Fa, FS 


V1 V2 


Figure 5-5. Adjacency matrix of faces 


Floriani” proposed the use of a generalized edge-face graph (GEFG) for 
the recognition of features such as protrusions, depressions, through holes, 
and handles from a B-rep model. The algorithm was used to extract 
subgraph components according to the connectivity of the face-edge graph. 

Joshi and Chang” used an attributed adjacency graph (AAG) for 
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recognizing the machined features of a part form in B-rep. An AAG is 
defined as a graph in which nodes correspond to the part's faces and arcs 
correspond to the corresponding part edges. Each face of the feature is 
represented by a node, and every pair of nodes represents adjacent faces 
linked by an arc. The arcs of the AAG graph are labeled by binary digits 
(O's and 1’s). The attribute values attached to the arcs are determined by the 
convexity of the edge. If the faces sharing an edge form a concave angle, 
the attribute is set to 1. If two adjacent faces form a convex angle, the arc is 
labeled 1, and if they form a concave angle, the arc is labeled 0 as shown in 
Figure 5-6. The feature primitives are invoked one by one and an exhaustive 
search for the presence of the feature is performed. The search is guided by 
a heuristic method to increase efficiency. Despite a very fast 
implementation, it is limited in the number of features that it can recognize. 

Gavankar and Henderson” proposed an edge-face graph algorithm for 
the extraction of protrusions and depressions from a B-rep model. Chuang 
and Henderson*! developed a method using subgraph isomorphism to 
recognize shape features and feature-based decomposition of a solid from a 
boundary representation. 

Zhao et al.”'° presented a methodology and algorithm of recognizing 
machined surfaces from a wireframe model. Some problems such as 
ambiguity and inadequacy of wireframe models in feature recognition had 
been solved. 2D graph was used to generate closed boundaries from 
wireframe models. The method was powerful especially for canonical parts 
in which all vertices are in degree three. The elimination of the vertices with 
degree greater than three needed many more computations because of the 
difficulties of determining each edge of the facets. Graph theory was 
employed in a way that could easily remove the ambiguities and would 
facilitate data modification. 

Kao and Kumara” proposed the super relation graph (SRG) method to 
recognize machining features such as slots, holes, and pockets. The nodes of 
the SRG represent the faces in a depression; the links represent either super- 
concavity or face-to face relationships that are generated from a set of new 
directions of relationships between two faces. The method uses pattern 
recognition, artificial neural networks, and computational geometry 
techniques for extracting shape features. 

Tzong-Shyan and Bartholomew’®’ developed a classification scheme for 
mechanical assembly and sheet metal fabrication. Euler’s formula and graph 
theory were used to achieve a coherent and quick way of classifying 
features. Throughout the development, the role of unique and valid 
geometric data was emphasized. The developed classification schemes were 
used for feature recognition as well as feature-based design systems for 
mechanical assembly and sheet metal fabrication. 
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Hole 


Figure 5-6. The AAG graph of a slot and a hole 


Sashikumar et al.'°’ developed a feature recognition system for 
recognizing user defined features (UDF). The feature recognizer used a 
graph-based approach to represent and recognize features. An attributed 
facing adjacency graph consisting of topological and geometric attributes 
was used to represent UDFs. The feature recognition stage involved finding 
similar subgraphs in the part graph. This technique used a rich set of 
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attributes to recognize a wide range of features such as pockets with variable 
numbers of side faces. 

The major problem with the graph matching approach is the lack of 
ability to recognize the intersecting feature. When the intersecting features 
occur, the full patterns of the feature may not appear in the graph 
representation. Therefore, the pattern matching may fail. 


5.2.4 Expert System Approach 


An expert system (ES) is a computer program designed to emulate the 
problem solving ability of a human expert and consists of two main 
elements: (1) production knowledge and (2) an inference engine as shown 
in Figure 5-7. The knowledge and experience of an expert are converted to a 
set of facts and rules used to solve the problem. In the field of feature 
recognition, the expert system is used to determine how to manufacture a 
solid object. 

Production knowledge includes the procedural knowledge and the 
declarative knowledge.” Procedural knowledge involves the production 
rules related to generating the process plan from the part design. The 
production rules are usually expressed in the form of condition-action pairs, 
if this condition occurs, then do this action, and otherwise do that action!” 

The production rules may include the feature sequence rules, raw 
material selection rules, tolerance rules, operation selection rules, machine 
tool selection rules, cutting tool selection rules, cutting parameters rules, and 
finishing operation rules. Usually, the sequences of firing the production 
rules are the same as the feature sequences.” The feature sequences are 
predetermined by the user or by using recognition software. 

An example for the feature sequencing rules, the design of the part 
shown in Figure 5-8 is a rectangular block that includes two features, a 
rectangular slot and a circular hole. The process planner could suggest 
producing this workpiece first on the milling machine and then on the 
drilling machine. The first step is to open the slot on the milling machine by 
using a slot tool. The next step is to drill the hole on the drilling machine. 
The following rule is an example for representing a slot, prompting the user 
to enter the required tolerances for machining this slot, and executing the 
slot milling rules: 


IF the feature is a slot 
and the slot dimensions are: X, Y, and Z 
THEN Input the slot tolerances 
Upper length tolerance 
Lower length tolerance 
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Upper width tolerance 
Lower width tolerance 
Upper thickness tolerance 
Lower thickness tolerance 
and execute the slot milling rules. 


Part Design 


Production Knowledge 
; Declerative Knowledge i 


Additional/New 
Knowledge 


Inference Engine 


Procedural Knowledge 


Manufacturing Information 


Figure 5-7, Expert system structure 
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Figure 5-8. Component with slot and hole features 


The procedural knowledge could also include rules relevant to the raw 
materials, their properties, and the machining conditions for these raw 
materials. Properties could include hardness, thermal conductivity, electrical 
conductivity, etc. Machining conditions could include allowable cutting 
speeds and feed rates for certain cutting tool types. 

The declarative knowledge involves the production facts. These facts 
may include feature facts, machine tool capacity facts, machining operation 
facts, and raw material facts.°*'*’ The feature facts can be defined as the 
available part design features (e.g., shape features including: slot, hole, key, 
thread, pocket, etc.) which could be machined by the system. The following 
rule represents the available feature facts in an expert process planning: 


Features: 
Rectangular slot 
Cylindrical hole 
Thread 
Key 
Pocket 
Shaft 
Step shaft 


The second part of the expert process planning system is the inference 
engine. The inference engine can be defined as the control system of the 
executed facts and rules that is applied in order to solve a specific 
problem.'”” Such control system should incorporate a searching algorithm. 

Choi et al.*° developed a method for recognizing the holes, slots and 
pockets in a 3D solid model. The definition of regional shape patterns and 
the recognizer are written as rules in Pascal. Rule-based systems can deal 
with general 3D shape patterns but the interaction between the features was 
not handled in this research. 

Henderson and Anderson”' developed an expert system to extract form 
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features such as holes and slots. The system consists of three modules: (a) 
feature recognition, (b) feature extraction, and (c) feature graph construction. 
A Prolog format was used to develop a regional shape pattern recognizer. 
Patterns are described as rules in Prolog. A 3D solid model in a B-rep 
format is converted to facts in Prolog. Then patterns are recognized with 
Prolog’s matching mechanism. 

Wang’ presented a process planning system containing a machined 
surface identifier, a knowledge base, a pattern directed inference engine with 
concurrent rule firing capability, a machining data selection module, an 
automated NC part program generator, and an effective relational data base 
manager. A process plan is automatically generated from a part designed 
using a wireframe CAD modeler. The research contributions include: (1) 
machined surface identification, (2) consistency checking of geometric 
tolerance, (3) formalization of process planning knowledge, (4) machine 
learning, (5) creation of alternative plans, (6) addition of new processes, (7) 
formalization of machining data selection knowledge, and (8) sequential and 
parallel rule firing mechanism. The limitations are: (1) alternative processes 
are generated primarily for the internal surfaces of a part. (2) The present 
research focuses on generating alternative operations. In this CAD module, 
2D representation was used for identification. If the part is symmetric, it can 
be done. However, if some features are not symmetric, these features would 
not be recognized. 

Henderson and Chang” developed an automatic process planning 
system with a feature extraction system called feature recognizer and process 
planner (FRAPP). The input to FRAPP can be either a CSG or B-rep model. 
The feature recognition process consists of recognition, extraction, analysis, 
computation, and compilation. 

Schulte et al.’°* developed a CAPP system that orders the features with 
the outermost, highest elevation features, and then works toward the 
innermost, lowest elevation features. The rule base resolves ambiguities in 
the ordering of the process plan fragments. An example of this is when there 
is more than one feature at the same elevation and equidistant from the 
center of the part. 

Madurai and Lin’ developed a system that can automatically extract 
and recognize part features directly from a CAD database. Part geometric 
and topological data in initial graphics exchange specification (IGES) format 
are read by a feature extraction data-compactor. Then geometry to feature 
translator captures manufacturing features in its decision logic expressed as 
production rules written in LISP. 2D representation is used in this system. 
This system was limited to use in rotational parts. It cannot recognize flat 
surface features which can be generated by processes such as milling. 

Devireddy and Ghosh** developed a methodology for integrating the 
design and planning aspects of manufacturing. This methodology was based 
on the concepts of feature-based modeling (FBM) and artificial neural 
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networks (ANNs). FBM was developed to give information about both form 
(shape, size) and precision (tolerance, surface finish) features for the 
designed rotational components. The FBM shell was programmed in Visual 
Basic and was operated by Windows 95. The FBM was able to present the 
designed components in B-rep model. 

Ping and Chang'”° developed an artificial intelligent system for dynamic 
computer-aided process planning. Their system integrated fuzzy logic and 
ANNs to perform the dynamic recognition and adaptive-learning tasks of the 
workpieces and process planning. Also, they adopted the idea of an 
important (critical) feature concept for evaluating the suitability of existing 
process plans for the incoming product design. In addition, this system 
integrated the variant and generative CAPP by using an expert system 
module. Thus, the system adaptively decides whether to use the variant or 
generative procedures. 

Kayacan and Celik’ developed a process planning system for prismatic 
parts by means of an expert system. This system automatically selected 
operation type and sequence of operations which were defined by using the 
databases achieved from the feature recognition module. The feature 
recognition process was achieved with B-rep modeling method to give 
vectorel direction knowledge and adjacent relationships of surfaces using the 
STEP standard interface program. The feature recognition system was 
prepared on an IPM-compatible PC via C++ programming language. 


5.2.5 Volume Decomposition and Composition Approach 


In this approach, geometry decomposition algorithms operate more 
directly on 3D volumes that apply Boolean operations during the 
construction of the CSG model. The objectives of volume decomposition 
are to decompose a volume to be machined, identify material to be removed 
from a base stock, and break down this volume into nonoverlapping units 
corresponding to distinct machining operations. There are two different 
approaches: convex hull decomposition and volume decomposition. A brief 
review of the work in this area is presented below. 

Woo” developed a computer-aided recognition system based on 
volumetric designs. This system transforms three-dimensional volumetric 
designs of mechanical components into numerical control descriptions. The 
concept of cavity was introduced as a geometric configuration. A cavity can 
be created by using either ADD or REMOVE operations on primitive 
volumes. The drawback was the limited number of original primitives that 
the system includes in its domain. 

Wang'” developed the concept of backward growing by reversing the 
process of machining operations. To determine the cavity shape, the method 
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looks for a set of concavely connected faces, oblique faces, or circular faces 
that are machined faces. Because each machined face is the result of the 
machining operation on the part, these faces can be the candidate of the 
growing base faces. The method uses a set of concave faces of a depression 
feature to create the feature volume in order to decompose the delta volume 
as well as a protrusion feature into the basic feature. 

Ferreira and Hinduja’’ proposed a convex hull based feature recognition 
method for 2.5-D components created from a B-rep solid model. This 
method involved the determination of the convex hull of a component's 
faces. The edges within the convex hull define the faces that form a feature. 
Edge inner loops and concave edges are detected because they determine the 
faces that describe a feature. The drawback of Ferreira and Hinduja's 
method is that it cannot recognize some convex features because the rules 
for merging two or more features are narrow in domain. 

Vandenbrande and Requicha'**’” developed a system that uses the delta 
volume to find volumetric features that meet the conditions of 
manufacturability and correspond to operations typically occurring in a 
three-axis machining center. The method used a hint feature corresponding 
to characteristic patterns in the boundary of the object. A feature is 
completed by first growing or extending it along feature-specific directions. 
Then the interaction between the extended feature, the stock, and the part 
was analyzed. 

Tseng and Joshi'™ developed a system that used a B-rep as its input and 
generated multiple sets of features in two stages: volume decomposition and 
volume composition. Their method started by determining the raw material 
and identifying the delta volume of the part. The method decomposes the 
total delta volume of the part to basic removable blocks through the delta 
volume. Then the volumes are reconstructed by reconnecting small blocks. 
By using feature definitions, the feature volume can be matched with the 
predefined feature pattern and classified. There are many ways to build the 
feature from the blocks. Some basic blocks can be connected with more 
than one adjacent basic removable block depending on the direction of the 
connection. 

Shah, Shen, and Shirur'” developed a design by feature system that can 
understand design features from the manufacturing aspect and autonomously 
generate feasible machining process sequences for undocumented features. 
The delta volume is obtained by subtracting the part from the stock material. 
The method decomposes the delta volume of the part into minimum convex 
cells by half space partitioning at every concave edge. This composition 
method is called minimum convex decomposition by half space partitioning. 

Dong and Parasaei” developed an automated process planning prototype 
system. The prototype system was based on the removable volume. The 
part and blank were built using SDRC solid modeling I-DEAS. The overall 
removable volume was generated graphically by comparing the finished part 
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and blank. General machining features were extracted. Process plans were 
created based on the recognized feature information and production 
knowledge for prismatic shapes only. 

Kao et al.'"° developed the super relation graph (SRG) method to extract 
prismatic features from the CAD boundary representation of a machined 
part. The SRG is constructed by finding the faces in the cavity and grouping 
them into interacting feature face sets (IFFS) to reduce the search space. 
The method used is generate-verification for the feature recognition system. 
Hypotheses are generated by matching super relation graphs and are verified 
based on the validity of a feature volume. The final output of the feature 
recognition is a decomposition of the cavity volume into a set of primitive 
feature volumes. 

Sakurai’ developed a generic form feature recognition called “spatial 
decomposition and composition.” A feature is defined as feature volume 
and surface. The method searches for the cavity volume that a user can 
interactively modify. The delta volume of the part is decomposed into 
minimal convex cells and then composed back to the volumes. The volumes 
will be checked if they are feature volumes. 

Sakurai and Dave' developed the decomposition method which 
decomposes a delta volume into maximal volumes. A maximal volume is 
generated by extending the faces or half space of the delta volume. The 
composition step adds cells adjacent to each other. Combinations of small 
cells form a maximal volume by examining the relationship among the small 
cells. Then graph pattern matching is used to classify the volume into a 
machining feature. 

Alan and Lin’ developed a volume decomposition approach for building 
an interface that bridges the gap between a 3D CAD model and an 
automated process planning system. The volume decomposition approach 
partitions the whole machining volume, which needs to be removed from the 
raw material to produce the finished part, into some machinable features. 
Once the machinable features of a part are found, the machining of the part 
can be viewed as material removal for a series of machinable features. The 
tasks involved in this approach were extraction of machining volume, 
decomposition of the machining volume, and determination of procedures 
required for cutting out the machinable features. Each one of these tasks had 
its own algorithm. 

Jung and Han” tried to develop an algorithm to integrate the feature 
recognition and process planning systems. The objective of their work was 
to integrate the following: feature recognition for manufacturability, setup 
minimization, feature dependency construction, and generation of an optimal 
feature based machining sequence. The feature recognition system was 
based on volume decomposition and hint-based reasoning approaches. This 


system was called integrated incremental feature finder (IF2 ). The IF2 
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system was able to recognize holes, slots, and pockets. 

Yong, Wang and Hyung” developed a feature recognition approach 
using alternative sum of volumes with partitioning (ASVP) decomposition. 
The objective of this approach was to systematically obtain geometry-based 
relations between machining features that were recognized from the part 
boundary. The precedence relations between features were achieved by 
combining the face dependency information and the machining process 
information. The precedence relations for a given feature decomposition 
were then recognized as a set of precedence trees. Each precedence tree for 
a given feature decomposition represented a different set of the features. 

The volume decomposition and composition approach show major 
problems in both the decomposition and composition steps. By extending 
the faces or half space of the delta volume, the cell decomposition can create 
a large number of cells. The possible combinations of the cell for 
composing the predefined features volume grow exponentially with the 
number of cells. 


5.2.6 3D Feature Recognition from a 
2D Feature Approach 


Meeran and Pratt!!> used 2D entities in a DXF format with no particular 
p 


order and no relationship in their connectivity. The process of searching and 
sorting the entities is divided into three groups according to each of three 
orthographic views. The approach intends to recognize the common 
machining features of a prismatic part having planar or cylinder surfaces in 
terms of 2D profiles which are projected in the three orthographic views of 
the drawing. The approach starts by recognizing the isolated feature, then 
providing the library of patterns. The recognition is essentially based on 
pattern matching. 

Liu et al.’ proposed 3D feature recognition by reconstructing from 2D 
CAD data. The process is begun by extracting the 2D geometric entities 
from the IGES file. The divide and conquer strategy is used to extract the 
vertex-edge data from each 2D orthographic view (front, side, top). When 
the set of 2D geometric entities of the three views is extracted, a set of 
production rules is developed to recognize each 2D entity: square, rectangle, 
triangle, or circular loop. This information is used to facilitate the process of 
3D recognition in the next step. The structure of the feature model is 
constructed by a form feature adjacency graph (FFAG). The recognized 
form features were used to reconstruct the 3D part as a composition of 
hierarchies of FFAG. The FFAG can be easily transformed into a CSG/DSG 
structure, which is readily integrated with the downstream CAPP/CAM 
systems. The features were limited to prismatic features only without 
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analyzing the interaction between features 
Sommerville et al.'”’ developed an approach for recognizing features 

called viewer centered. The approach had the ability to recognize DP 

features and assembly features. The approach consisted of five steps as 

follows: 

Step 1: Establish Viewpoints—A viewpoint V, is established outside the 
boundary of the object. 

Step 2: Ray Firing—The object is swept by a cone of rays fired from the 
viewpoint V,. 

Step 3: Hint Generation—Each ray fired is processed to produce a list of 
feature hints. 

Step 4: Merge Hints —The hint lists generated are merged by combining the 
hints generated by the same face pairs. 

Step 5: Feature Completion - From each possible feature hint a sphere ray is 
fired from the feature kernel. Figure 5-9 shows a cross section of a 
mechanical component assembled from two parts. 


However, this approach had the ability to recognize a limited number of 
features and it did not determine the dimensions of the recognized features in 
spite of the authors claim that his approach has the ability to recognize 
assembled features. 

Allada and Anand* developed a recognition methodology by recognizing 
2D features from polyhedral faces of a part model first. Then they inferred a 
3D feature in the 2D features identified. To recognize 2D features, the non- 
convex faces of the part model have to be identified. Next, rule-based and 
graph-based approaches are used to derive the 3D feature from the 2D 
recognized feature. The edges that link to the 2D feature are adjacent to two 
faces which are identified as the primary face and the secondary face. The 
face which is associated with non-convex faces in 2D recognition, is 
considered as the primary face. The other face, which is perpendicular, is 
considered to be the secondary face. The rules for each type of feature 
consist of the adjacency relationship of the secondary faces of the edges that 
are associated with the recognized 2D feature. 

Ahmad and Haque' developed a feature recognition system for rotational 
components using a DXF file. In this approach, work geometric information 
of rotational parts is translated into manufacturing information through a 
data interchange format (DXF). A feature recognition algorithm was used to 
recognize different features of the part from its DXF file, where geometric 
information of the part was stored after respective DXF codes. Finally, 
using the data extracted from DXF file, each feature of the part was 
recognized. The parts are symmetrical and represented in two dimensions. 

Mansour'® developed simple software to link CAD packages and CNC 
machine tools. The main feature of this software was its ability to 
automatically generate part programs for machining sculptured surfaces. To 
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achieve this objective, IGES files of simple or free-form surfaces were 
exploited. The data extracted from IGES files were used to graphically 
simulate the tool path due to center and tip of a ball nose tool and a filleted 
cutter as well as tip of a flat end mill cutter. Depending on the size of the 
created surfaces, various dimensions of cutting tools should be selected by 
the user. AUTOCAD and AUTOCAD development systems (ADS) were 
used to convert trimmed surfaces to parametric spline surfaces with IGES 
entity number 114. This entity was closely studied and an algorithm was 
developed to convert this entity to a large number of straight lines. The 
package was not developed to handle other IGES entities which provide a 
wide range of free-form surfaces. 

Zhao et al.’!! developed a system called CADEXCATS to integrate a 
CAD system and a generative system for cutting tool and condition selection 
for turned components. The system was based on an IGES neutral format 
and feature recognition approach. In this system, two separate drawings are 
generated for finishing and roughing geometries. The roughing drawing 
contains the roughing profile, finishing profile, and blank space and size. 
The finishing drawing represents the exact profile of the final component. 
Both projections and cross sections were accepted for description of a turned 
component in 2D. IGES data of a turned part CAD model was extracted and 
processed as geometry-based data which represent an input to CAPP system 
in the next stage. There are limitations in this system, for example (1) only 
two dimensions of data are used, (2) only symmetrical cylinder components 
are used, and (3) the prismatic parts are not included and also their 
interactions. 

Zhang et al.”? developed an intelligent approach for coordinate 
measuring machine (CMM). First step in this approach was feature 
extraction. The extracted features had been done through IGES or Step files. 
The components were represented in 2D by three views (front, top, and 
side). After the features had been extracted, a 3D shape was created. The 
recognized features were very limited. The approach needs improvement to 
achieve its objectives. 

Xinhui et al.”"’ developed a method to integrate computer-aided design 
(CAD) and coordinate measuring machine (CMM). This method was 
developed for labeling the tolerance items of 3D workpieces. First, CAD 
data of 2D workpiece are extracted through an IGES file, then 3D of the 
recognized entities was constructed with the information required to make 
the inspection process. This method dealt with simple prismatic parts 
features and it did not support rotational features. Moreover, the intersection 
between different types of features has not been developed. 

No matter which approach is adopted, the geometric information always 
needs to be constructed early in order to advance the feature recognition. 
The literature review addressed in this chapter is categorized according to 
feature recognition method, representation type, standard type, dimension 
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type, and feature type. From the system implementation point of view, the 
best system should be independent of the format, that is, any kind of data 
format can be used for the input information and the internal geometric 
feature representation can be constructed based on the input data. B-rep is 
the most independent representation because other data formats have several 
limitations and disadvantages. Therefore, this methodology adopts the solid 
modeling representation. On the other hand, the CSG technique is used as a 
tool to construct the designed parts, so the hybrid CSG/B-rep is used in this 
book. 


3:3 Summary 


In this chapter, the literature review shows the major contributions of the 
methods related to feature-based design. The representation of an object can 
be modeled in various forms. Many techniques have been developed to 
acquire information about the object in order to build the model and to 
recognize the object. Some of the literature mentions the object recognition; 
some uses feature recognition, or part database to gain more knowledge 
about the object and then reconstruct the object or build a higher level model 
of the part. 


5.4 Problems 


5.1. What is the current technology of feature representations? 

5.2. List all the feature recognition techniques. 

5.3. Explain the syntactic pattern recognition approach. 

5.4. Explain the logic-based approach. 

5.5. Develop a rule by using the logic-based approach for the following 
component: 
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5.6. Explain the graph-based approach. 
5.7. Describe briefly the attributed adjacency graph (AAG). 
5.8. Construct the AAG graph for the following component: 


5.9. Define the expert system and explain in detail its components. 
5.10. What are volume decomposition and composition approaches? 
5.11. Explain hint generation process for the viewer-centered approach. 


Chapter 6 


Initial Graphics Exchange Specifications (IGES) 


This chapter presents discussions related to a standard product data 
format of an object which is considered the most important tool toward the 
standardization of product data and at the same time towards the compatible 
exchange of information among various CAD and CAM systems. IGES 
format is addressed in detail as one of the popular standard formats. 


6.1 Data Transfer in CAD/CAM Systems 


Data transfer between different CAD/CAM systems has been a well 
field for a number of years and the paramount importance of 
CAD/CAM/CAE data transfer between manufacturers and their suppliers 
and subcontractors has become more apparent. In the early years of 
CAD/CAM industry, software packages were developed that were employed 
as direct translators between different systems. Obviously, these packages 
were used with great success. However, as the number of CAD/CAM system 
vendors increased, the impracticality of using direct translators became more 
apparent. Hence, a few neutral format translators developed by various 
organizations in different countries were introduced into the industrial 
market.'* 

Some of these translators were tailor made for specific industries and 
others were accepted as standard tools by various authorized standard 
organizations. Some of these standards, such as standard for exchange of 
product data (STEP), data eXchange file (DXF), product data exchange 
specifications (PDES), and initial graphics exchange specifications (IGES) 
have proved more popular with CAD/CAM system vendors and users. IGES 
was first developed by National Aeronautical and Space Administration and 
National Bureau of Standards in 1979. Soon after it was adapted and 
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recognized by American National Standard Institute (ANSI) as a standard 
tool format. Consequently, IGES has become an acceptable and widely used 
neutral format translator by many CAD/CAM system vendors.°! Even 
though some translators are more broadly used than IGES, this neutral 
format translator has been through many revisions and has proved a 
reasonably comprehensive tool in transferring data for parts designed by 
wireframe, surface, or solid models. For this book, IGES version 5.37"! 
(latest version) documentation was closely studied and adopted. 


6.2 Initial Graphics Exchange Specifications (IGES) 


Initial graphics exchange specification (IGES) was developed as a 
neutral data format for the transmission of CAD data between dissimilar 
CAD/CAM systems. Although the IGES format does not provide a suitable 
data format for downstream manufacturing applications, it can be considered 
as the major driving force to achieve the international standard of product 
data and the data exchange format. Therefore it is described in detail in this 
section. In order to transfer information, translation is done from one native 
format to the neutral file and then to another native format.”'? As shown in 
Figure 6-1, the number of processors needed to transfer data among N 
different CAD systems using a neutral file is 2 * N. 


213 


Figure 6-1. Translation using a neutral file 
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IGES file is just a document that specifies what should go into a data 
file. Programmers should write software to translate from their system to the 
IGES format or vice versa. The program that translates from a native CAD 
format to IGES is called a preprocessor. The program that translates from 
IGES to another target format is called a postprocessor as shown in Figure 6- 
2: 


Preprocessor 


Postprocessor 


Postprocessor 


Preprocessor 


Figure 6-2. IGES translators 


6.2.1 Structure of the IGES File 


Similar to the most CAD systems, IGES is based on the concept of 
entities. Entities could range from simple geometric objects, such as points, 
lines, plane, and arcs, to more sophisticated entities, such as subfigures and 
dimensions. Entities in IGES are divided into three categories”: 

1. Geometric entities such as arcs, lines, and points that define the 

object 

2. Annotation entities such as dimensions and notes that aid in the 

documentation and visualization of the object 

3. Structure entities that define the associations between other entities 

in IGES file. 


An IGES file is a sequential file consisting of a sequence of records. 
The file formats treat the product definition to be exchanged as a file of 
entities, each entity being represented in a standard format, to and from 
which the native representation of a specific CAD/CAM system can be 
mapped. IGES file is written in terms of ASCII characters as a sequence of 
80 character records. 

An IGES file consists of five sections which must appear in the 
following order: Start section, Global section, Directory Entry (DE) section, 
Parameter Data (PD) section, and Terminate section, as shown in Figure 6-3. 
The role of these sections is summarized in the following subsections. 
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6.2.1.1 Start Section 


The Start section is a human readable introduction to the file. It is 
commonly described as a “prologue” to the IGES file. This section contains 
information such as the names of the sending (source) and receiving (target) 
CAD/CAM systems and a brief description of the product being converted. 


Figure 6-3. 1GES file structure 


All geometric entitles are 
given here 


6.2.1.2 Global Section 


The Global section includes information that describes the preprocessor 
and information needed by the postprocessor to interpret the file. Some of 
the parameters that are specified in this section are”!”: 


1. Characters used as delimiters between individual entries and 
between records (usually commas and semicolons respectively), 

2. The name of the IGES file itself, 

3. Vendor and software version of sending (source) system, 

4, Number of significant digits in the representation of integers and 

single and double precision floating point numbers on the sending 

systems, 

Date and time of file generation, 

Model space scale, 

Model units, 

Minimum resolution and maximum coordinate values, 

Name of the author of IGES file. 


SOOO TON 


6.2.1.3 Directory Entry Section (DE) 


The DE section is a list of all the entities defined in the IGES file 
together with certain attributes associated with them. The entry for each 
entity occupies two 80-character records that are divided into a total of 
twenty 8-character fields as shown in Figure 6-4. The first and the eleventh 
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(beginning of the second record of any given entity) fields contain the entity 
type number such as 100 for circle, 110 for lines, etc. The second field 
contains a pointer to the parameter data entry for the entity in the PD 
section”'. The pointer of an entity is simply its sequence number in the DE 
section. Some of the entity attributes specified in this section are line font, 
layer number, transformation matrix, line weight, and color. 


Column [1-8 [°° 9-16 J 65-72 [73-80 

Line | Entity Parameter temo | Visible Entity 
Type Entry Pointer Matrix Switch Number 
Type Nasbe 


Figure 6-4. Structure of directory section 


6.2.1.4 Parameter Data Section (PD) 


The PD section contains the actual data defining each entity listed in the 
DE section as shown in Figure 6-5. For example, a straight line entity is 
defined by the six coordinates of its two endpoints. While each entity has 
always two records in the DE section, the number of records required for 
each entity in the PD section varies from one entity to another (the minimum 
is one record) and depends on the amount of data. Parameter data are placed 
in free format in columns 1 through 64. The parameter delimiter (usually a 
comma) is used to separate parameters and the record delimiter (usually a 
semicolon) is used to terminate the list of parameters. Both delimiters are 
specified in the Global section of the IGES file. Column 65 is left blank. 
Columns 66 through 72 on all PD records contain the entity pointer specified 
in the first record of the entity in the DE section.” 


Field ibgap a Pie Sai eset Oca Ne 
(center of circle) (start point) (end point) Number 
Fina | 10 | X 7 2 > Sequence 
(start point) (end point) Number 


Figure 6-5. Structure of parameter data section 


6.2.1.5 Terminate Section 


The Terminate section contains a single record that specifies the 
number of records in each of the four preceding sections for checking 
purposes. 
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6.3 Summary 


In this chapter, IGES standard format was discussed. The IGES format 
was described in detail because it is used as the standard input format in this 
methodology as shown in the next chapter. 


6.4 Problems 


6.1. Define the following terms: STEP, DXF, PDES and IGES. 

6.2. How can IGES be used in transmission of CAD data between 
dissimilar CAD/CAM systems? 

6.3. Explain in detail the Structure of an IGES File. 

6.4. What are the most important sections of the IGES file that can be used 
in feature recognition? 

6.5. Discuss the Parameter Data section (PD) of the IGES file. Give some 
examples. 

6.6. Generate the IGES file for the following component and define the 
structure of the file: 


Chapter 7 


Intelligent Feature Recognition Methodology 


7.1 Introduction 


In this chapter, a methodology for feature analysis and extraction of 
prismatic parts for CAM applications is developed and presented. This 
approach aims to achieve integration between CAD and CAM. Different 
CAD or geometric modeling packages store the information related to the 
design in their own databases. The structures of these databases are different 
from each other. As a result no common or standard structure has so far 
been developed that can be used by all CAD packages. For that reason this 
technique develops an intelligent feature recognition methodology (IFRM) 
which has the ability to communicate with the different CAD/CAM systems. 

The part design is introduced through CAD software and is represented 
as a solid model by using CSG technique as a design tool. The solid model 
of the part design consists of small and different solid primitives combined 
together to form the required part design. The CAD software generates and 
provides the geometrical information of the part design in the form of an 
ASCII file (GES format) that is used as standard format which provides the 
proposed methodology the ability to communicate with the different 
CAD/CAM systems. The boundary (B-rep) geometrical information of the 
part design is analyzed by a feature recognition program that is created 
specifically to extract the features from the geometrical information based on 
the geometric reasoning and object-oriented approaches. The feature 
recognition program can recognize these features: slots (through, blind, and 
round corners), pockets (through, blind, and round corners), inclined 
surfaces, holes (blind and through) and steps (through, blind, and round 
corners), etc. These features are called manufacturing information that is 
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mapped to process planning as an application for CAM. Figure 7-1 shows 
the structure of the proposed methodology. 

The intelligent feature recognition methodology (IFRM) presented in 
this chapter consists of three main phases: (1) a data file converter, (2) an 
object form feature classifier, and (3) a manufacturing features classifier 
(production rules). The first phase converts a CAD data in IGES/B-rep 
format into the proposed object-oriented data structure. The second phase 
classifies different part geometric features obtained from the data file 
converter (phase 1) into different feature groups. The third phase maps the 
extracted features to process planning’s point of view. Figure 7-2 shows a 
basic flowchart of the proposed system. The sections that follow describe 
the steps of feature extraction in details. 


72 Conversion of CAD Data Files to Object-Oriented 
Data Structure (OODS) 


As mentioned in Chapter 6, IGES is a standard file format for the data 
defining the object drawing in 3D CAD systems in the B-rep structure. The 
entry fields in IGES format consist of an object’s geometric and topological 
information. The geometric information includes the definition of lines, 
planes, circles, and other geometric entities for a given object. The 
topological information defines the relationships between the object’s 
geometric components, for example, in terms of loops (external loop and 
internal loop). 

An external loop gives the location of major geometric shapes and an 
internal loop represents a protrusion (boss) or a depression (pocket or hole) 
on an external loop. The fundamental IGES entities, which are related to 
representing a solid object in B-rep structure, are discussed in the following 
subsection to understand how these entities are defined in IGES 5.3." 


7.2.1 Basic IGES Entities 


Line (entity 110) 

A line in IGES file is defined by its end points. The coordinates of start 
point and terminate point are included in parameter data section of this 
entity. 
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Figure 7-1. Structure of the proposed methodology 
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Figure 7-2. Flowchart of extraction and classification of features 


Circular Arc (entity 100) 

To represent a circular are in modeling space, IGES provides the 
information including a new plane (X;, Y;) in which the circular lies, the 
coordinates of center point, start point, and terminate point. A new 
coordinate system (X;, Yr, Zr) is defined by transferring the original 
coordinate system (Xo, Yo, Zo) via a transformation matrix and all coordi- 
nates of points (center point, start point, and terminate point) related to this 
new coordinate system. The order of end points is counterclockwise about 
Zy axis. 


Transformation Matrix (entity 124) 

This entity can give the relative location information between two 
coordinate systems, Xo, Yo, Zo coordinate system and X7, Y7, Zr coordinate 
system 


Ri, Ry Rg Xo T, xX, 
Ro, Ree Ray || Yoo (41 f=) Ye (7.1) 
Ry; Ry R3 Zo T, Z, 
where 
Ry, Ry Rp 
R,, Ry Ryl=1 
Rz, Ry Ry; 


Surface of Revolution (entity 120) 
A surface is created by rotating the generatrix about the axis of rotation 
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from the start position to the terminal position. The axis of rotation is a line 
entity. The generatrix may be a conic arc, line, circular arc, or composite 
curve. The angles of rotation are counterclockwise about the positive 
direction of rotation axis. 


Point (entity 116) 
A point is defined by its coordinates (X, Y, Z). 


Direction (entity 123) 

A direction entity is a non-zero vector in 3D that is defined by its three 
components with respect to the coordinate axes. The normal vector of 
surface can be determined by this entity. 


Plane Surface (entity 190) 
The plane surface is defined by a point on the plane and the normal 
direction to the surface. 


Vertex List (entity 502) 
This entity is used to determine the vertex list which contains all the 
vertexes of the object. 


Edge List (entity 504) 
This entity is used to determine the edge list which contains all the edges 
of the object. : 


Loop (entity 508) 
This entity is used to determine the loops which are involved in all faces 
of the object. 


Face (entity 510) 
This entity is used to determine the faces which comprise the object. 


Shell (entity 514) 
The shell is represented as a set of edge-connected and oriented faces. 
The normal of the shell is in the same direction as the normal of the face. 


Right Circular Cylindrical Surface (entity 192) 
The right circular cylindrical surface is defined by a point on the axis of 
the cylinder, the direction of the axis of the cylinder, and a radius. 


Composite Curve (entity 102) 

A composite curve is a continuous curve that results from the grouping 
of certain individual constituent entities into a logical unit. A composite 
curve can be defined as an ordered list of entities consisting of point, connect 
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point, and parameterized curve entities. The list of entities appears in the 
parameter data entry. 


Conic Arc (entity 104) 

A conic are is a bounded connected portion of a conic curve that has 
distinct start and terminate points. The parent conic curve can be an ellipse, 
a parabola, or a hyperbola. The definition space coordinate system is always 
chosen so that the conic arc lies in a plane either coincident with or parallel 
to the X;, Yr plane. Within such a plane, a conic is defined by the six 
coefficients in the following equation, where X+, Yy are the coordinates of a 
point in the X;, Yr plane 


AX4+BXyY7 +CY#+DX 7 +EYy_+F=0. (7.2) 


Parametric Spline Curve (entity 112) 

The parametric spline curve is a sequence of parametric polynomial 
segments. The type of the curve is presented in the parameter data entry 
section. 


Parametric Spline Surface Curve (entity 114) 
The parametric spline surface is a grid of parametric polynomial patches. 
The type of the surface is presented in the parameter data entry section. 


Ruled Surface (entity 118) 

A ruled surface is formed by moving a line connecting points of equal 
relative arc length or equal relative parametric value on two parametric 
curves from a start point to a terminate point on the curves. 


Tabulated Cylinder (entity 122) 

A tabulated cylinder is a surface formed by moving a line segment 
called the generatrix parallel to itself along a curve called the directrix. The 
curve may be a line, circular arc, etc. 


Rational B-Spine Curve (entity 126) . 
The rational B-spline curve may represent analytic curves. 


Rational B-Spline Surface (entity 128) 
The rational B-spline surface represents various analytic surfaces. 


Offset Curve (entity 128) 

The offset curve entity defines the data required to determine the curve 
offset from a given base curve. This entity points to the base curve to be 
offset and contains the offset distance. 
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Offset Surface (entity 140) 
The offset surface is a surface defined in terms of an existing surface. 


Right Circular Conical Surface (entity 194) 

The right circular conical surface is defined by a point on the axis of the 
cone, the direction of the axis of the cone, the radius of the cone at the axis 
point, and the cone semi-angle. 


Spherical Surface (entity 196) 
The spherical surface is defined by the center point and the radius. 


Toroidal Surface (entity 196) 
The toroidal surface is defined by the center point, the axis direction, 
and the major and minor radii. 


73 The Overall Object-Oriented Data Structure of the 
Proposed Methodology 


In order to have a good generic representation of the designed object for 
CAM applications, especially for process planning, the overall designed 
object description and its features need to be represented in a suitable 
structured database. An object-oriented representation will be used in this 
methodology. The first step toward automatic feature extraction will be 
achieved by extracting the geometric and topological information from the 
(IGES/Brep) CAD file and redefining it as a new object-oriented data 
structure as demonstrated in Figure 7-3. 

In this hierarchy, the highest level data class is the designed object 
(shell). An object consists of manufacturing features that can be classified 
into form features composed of either simple or compound/intersecting 
features. A simple feature is the result of two intersecting general geometric 
surfaces while a compound/intersecting feature is one that results from the 
interaction of two or more simple features (slot and pocket) as shown in 
Figure 7-4. Features are further classified into concave or convex as 
attributes in the generic feature class. Concave features consist of two or 
more concave faces, and convex features are composed of either one or more 
convex faces or the interaction between other features in the object as shown 
in Figure 7-5. 
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Figure 7-3. Hierarchy of classes and attributes of the designed object 
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Because of the attributes of the geometric entities of form features (FF), 
they will be classified into interior form feature (FFinterior), Which is located 
inside the basic surface, and exterior form feature (FF xterior), Which is formed 
by the entire basic surface with its adjacent surfaces. The basic surface 
refers to the surface in which there are features located in that surface. For 
the interior form features (FFinterior), they can be further classified into two 
low-level categories, convex interior form feature (FFinterior convex) and 
concave interior form feature (FF interior concave) FFinterior convex iS the convex 
portion in a basic surface, while FFinterior concave iS the concave geometric 
portion in the surface.” 


Simple Features 


Compound Features 


Figure 7-4. Simple and compound features 


Examples of these form feature categories are shown in Figure 7-6. 
Figure 7-6 (a) shows a convex portion of the top surface investigated (basic 
surface) and hence this constitutes a FFinterior convex (boss), while Figure 7-6 
(b) shows a FF interior concave in the basic surface. A FFexterior is Shown in Figure 
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7-6 (c) in which FF exterior iS constituted by the entire basic surface and its two 
adjacent surfaces. The FFinterior concave in Figure 7-6 (b) is a through 
cylindrical hole. A blind cylindrical hole or a pocket in a basic surface is 


alsoa FF interior_concave: 


Concave Features 


Convex Edge 


Concave Edge 


Figure 7-5. Convex and concave features and edges 


In this book, multi-level form feature taxonomy is proposed based on the 
feature geometry and topological characteristics. The lowest level features 
in the feature hierarchy are the features defined in CAM-I as shown in 
Figure 7-7. 

Basic Surface 


Basic Surface 


ot / 


Basic Surface 


(a) Convex FF intarior (b) Concave F Finterior (c) FF exterior 


Figure 7-6. Classification of interior and exterior form features 
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Defining concave features is basically equivalent to identifying concave 
faces which are simply defined by a concave edge that joins two adjacent 
faces. A concave edge is determined by the concavity test, which is 
explained later in section 7.3.4. In general, the edge is defined by a pair of 
vertices described in the part drawing properties in terms of coordinates (X, 
Y, Z). On the other hand, convex features can be defined and classified as 
either inclined, interaction, or surface as shown in Figure 7-8. Inclined 
convex features are defined by a set of convex faces that are not parallel or 
perpendicular to minimal enclosing box. 

The second type of convex feature (namely interaction) results from the 
interaction of two or more features. Surface convex features are features 
that lie on the minimal enclosing box as seen in Figure 7-8. 
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Figure 7-7. Hierarchy of form features 
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Inclined Features Interaction Features Surface Features 


Figure 7-8. Classifications of convex features 


7.3.1 Geometry and Topology of B-rep 


The basic geometric entities of a 3D CAD model based on B-Rep 
description are vertex, edge, and face. The compound entities, which consist 
of basic geometric entities, are shell and loops. Shells and loops are the 
topological entities since only topological but not geometric information is 
assigned to them. A solid machining object (O) model can be expressed as 


O=(V > ve Vertex, E> e € Edge, F > f € Faces) , (7.3) 


where V, E and F are the sets of object vertices, edges, and faces, 
respectively, and v, e, f are their respective elements. In this expression, 
each edge has two vertices and is shared by two adjacent surfaces. Each 
face has certain edges enclosing a specific 2D or 3D shape. The enclosed 
chain of edges in a surface can form one or more loops. The external loop 
bounds the face and the others (internal) are located inside the face. 
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7.3.1.1 Classification of Edges 


Edges constitute the wireframe of a 3D solid model and they are the 
intersection boundaries of two adjacent faces. The following proposed edge 
categories facilitate the representation of the proposed methodology as 
proposed in Figure 7-3. To represent edge categories, the normal vectors of 
the two faces connected by that edge and the edge direction are determined 
as shown in Figure 7-9. Then by applying the connectivity test that will be 
discussed later in section 7.3.4, the edges are classified into convex, 
concave, and tangent edges as shown in Figure 7-10. Also, the angle 
between the two faces (d)) is determined. 


Surface Normal Vectors 


Figure 7-9. The surface normal vectors 


7.3.1.2 Classification of Loops 


A loop is the border of a surface. It is also the intersection boundary of 
the surface with its adjacent surfaces. In this book, a loop is used as a 
fundamental reference to identify the interior and exterior form features. 
The loop can be classified as proposed in this book into the external loop and 
internal loop. 

The external loop is the outside boundary of a basic surface of which the 
loop is investigated, while internal loops are located inside the basic surface. 
In a basic surface, an external loop is the maximum boundary of the basic 
surface and the internal loop is the internal interaction boundary of the basic 
surface with its internal features. In Figure 7-11, there are three loops in the 
basic surface, one is an external loop and the other two are internal loops, 
which are the intersection boundaries of the basic surface with its internal 
convex and concave features.®' The loops can be further classified into other 
categories as shown in Table 7-1. 
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(a) Convex edge (b) Concave edge 


Tangent edge 


(c) Tangent edge 


Figure 7-10. Classification of edges 


Internal Loop 1 Internal Loop 2 
External Loop 


Figure 7-11. Classification of loops 
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7.3.2 Definition of the Data Fields of the 
Proposed Data Structure 


Generally, faces are the basic entities that constitute the features, which 
are further defined by edges that are represented in terms of vertices, which 
are defined in terms of coordinates in CAD file. Therefore, the hierarchy of 
the designed object that was described in the previous section (Figure 7-3) 
represents a multilevel of different classes. All classes, except for the super 
class that represents an object as a whole, are objects of classes that are 
higher up in the data structure. For example, each edge object is represented 
in terms of vertex objects.” Table 7-2 displays the data attributes required 
for each class in the object-oriented data structure defined earlier. 


Table 7-1 Beate of loops 


Case 

If a convex loop is an internal 
loop, it is called an internal 
convex loop (Subtype = 
Internal) (loop 2 in Figure 7-11). 
The external convex loop is 
represented as (Sub type = 
External). 

If a concave loop is an internal 
loop, it is called an internal 
concave loop (Subtype = 


Convex loop 
(loop class 
type = 


convex) 


All the edges are 
convex. 


Concave loop 


(loop class fall her extgeg are Internal) (loop 1 in Figure 7-11). 
type = concave. 
The external concave loop is 
concave) 


represented as (Sub type = 
External). 

If a hybrid loop is internal loop, it 
is called a hybrid internal loop 


te eee The edges have convex | (Sub_type = Internal); otherwise, 
type mite d) and concave types. it is hybrid external loop is 


represented as (Sub type = 
External). 
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Table 7-2. Definitions of classes and attributes 
Class Name Attribute Type 
X_Coordinates (Real) 
Point Y_Coordinates (Real) 
Z_Coordinates (Real) 
Inherits Point (Point) 
a Vertex_ID (Integer) 
; 
pales os 
Edge Type (Enumerated Constants) 
Start_Vertex (Vertex Pointer) 
Edge Terminate Vertex (Vertex Pointer) 
Concavity (Enumerated Constants) 
Face Pointers [2] (Array of Face Pointers) 
Loop Pointers [2] (Array of Loop Pointers) 
Dimension (real) 
: Edge Count (Integer) 
scl 
Loop _Concavit (Enumerated Constants) 
Loop eee pe (Extemnal.or (Enumerated Constants) 
nternal) 
Face Pointers (Pointer to face class) 
Surface (Enumerated Constants) 
Face ID Number 
Surface Pointer (Pointer to the Surface) 
Face External Loop (Loop Pointer) 
Internal Loop Count (Number) 
j Internal Loop List _|__ (Vector of Loop Pointers) 
Vertex List (Object of Vertex_List class) 
Edge List ge List class) 
Loop_List (Vector of Loop Pointers) 
Shell Surface List (Vector of Surface Pointers) 
Face List (Vector of Face Pointers) 
Name | (String) 
IGES File (Object of IGES File Class) 
Feature Feature ID (Number) 


Feature Type 
Feature_Origin 


(Enumerated constants) 
(Vertex Pointer) 


Length 


(Real) 


Width (Real) 


Height 


Real 
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Table 7-2. Definitions of classes and attributes (cont.) 


Edge List (Vector of Edge Pointers) 
Roatune Face_List (Vector of Face Pointers) 
Is Subfeature (Boolean) 
Direction (Vector of up to 3 direction 
objects) 
Feature ID (Number) 
Feature_Type (Enumerated constants) 
Feature List (Vector of Feature Pointers) 
Feature Origin (Vertex Pointer) | 
Complex Feature Lensth (Real) 
Width (Real) 
Height (Real) 


Radius (Real) 


7.3.3 Algorithms for Extracting Geometric 


Entities from CAD File 


The IGES file is sequentially read (on a line basis) and parsed into 
appropriate entry classes known as DEntry and PEntry. The most 
important and useful sections of the IGES are the Directory entry section and 
the Parameter data section. DEntry represents an entry in the directory 
entry section while PEntry represents an entry in the parameter data section. 
The collection of Directory entry classes is contained in a container class 
called DSection. Similarly, the Parameter entry classes are contained in the 
PSection class. A Parser class object is created using these classes to parse 
the information present in the entries and classify the information into 
different classes that are used to represent different entities of the diagram 
described by the IGES file. Two algorithms for extraction of data from the 
IGES file into a proper set of data structures are defined in the following 
subsections. 


7.3.3.1 Algorithm for Extracting Entries from Directory 
and Parameter Sections 


// Algorithm to extract the directory entries 

// and the parameter section entries from the IGES file. 

// This process takes place during the construction of an object of IGESFile 
class. 

// Each such object represents one IGES file. 
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1. Create a file descriptor IGES file. 
2. Create an empty dSection1 class (container to store dEntry objects). 
3. Create an empty pSection! class (container to store pEntry objects). 
4. Open the IGES file for reading using IGES File file descriptor. 
// Read the file to scan and extract the directory and parameter sections. 
5. While ReadLine linel from the IGES file. 
5.1 If linel belongs to Directory section 
5.1.1 If linel is the first line of Dsection 
5.1.1.1 Set dindex to 1. 
5.1.2 ReadLine line2 from the IGES file. 
5.1.3 Create an object dEntry1 of class DEntry. 
5.1.4 Set dEntry1 index using dIndex. 
5.1.5 Initialize dEntry1 using string Line!+Line?2. 
5.1.6 Add dEntry1 to dSection1 class. 
5.1.7. Set dIndex = dIndex + 1. 
5.2 If linel belongs to Parameter Section 
5.2.1 If line] is the first line of PSection 
5.2.1.1 Set pIndex to 1. 
5.2.2 Create an empty string Line2. 
5.2.3. while pEntry data incomplete 
5.2.3.1 Read Line Line3 from the IGES file. 
5.2.3.2 Append Line3 to Line2. 
5.2.4 Create an object pEntry! of class PEntry. 
5.2.5 Set pEntry] index equal to pIndex. 
5.2.6 Initialize pEntry1 using string Line1+Line2. 
5.2.7. Add pEntry1 to pSection! class. 
5.2.8 Set pIndex = pIndex + 1. 
5.3 If linel belongs to Terminate Section. 
5.3.1 | Exit while loop. 
6 End of while loop. 


7.3.3.2 Algorithm for Extracting the Basic 
Entities of the Designed Part 


// Part-extraction module, contained in the Shell class. 

// This module extracts entities and groups them into lists. 

// For example: it creates a list of all faces in the object represented by the 
IGES file. 

Procedure to extract entities. 

1 Create an object vertexList] of vertexList class. 

2 Create an object edgeList1 of edgeList class. 

3 Create a vector of pointers loopList to Loop class. 
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Create a vector of pointers faceList to Face class. 
Begin parsing entities from the IGES File object. 


5.10 
5.11 
5.12 


Initialize counter i=1. 

For i=1 to size of dSection1] object from IGESFile object 

dEntryl = DEntry object of index i from dSection1 

if dEntry1 is a vertex list. 

5.4.1 pEntryl = PEntry object pointed to by dEntry1, 
obtained from pSection1 of corresponding IGESFile 
object 

5.4.2 Initialize counter j=1. 

5.4.3. For each vertex present in the pEntry! object do. 

5.4.4 Instantiate a new vertex! object of class Vertex. 

5.4.5. Assign id as j to vertex]. 

5.4.6 Initialize the object with vertex data from pEntry1. 

5.4.7. Add to vertexList1 a pointer to vertex. 

5.4.8 Increment j by 1. 

5.4.9 End of For loop. 

End For 

Initialize counter i=1. 

For i=1 to size of dSection! object from IGESFile object 

dEntry1 = DEntry object of index i from dSection] 

If dEnry1 is an edge list. 

5.9.1 pEntry1 = PEntry object pointed to by dEntry1, 
obtained from pSection! of corresponding IGESFile 
object 

5.9.2 Initialize counter j = 1. 

5.9.3 For each edge present in the pEntry1 class do. 

5.9.4 Instantiate a new object edgel of class Edge. 

5.9.5 Assign id as j to edgel. 

5.9.6 Retrieve dEntry2 object that contains edge specific 
data. 

5.9.7 Retrieve pEntry2 object corresponding to dEntry2 

5.9.8 Instantiate a new object edgeS that is specific to the 
edge type. 

5.9.9 Initialize the edgeS object with edge and data from 
pEntry2. 

5.9.10 Assign start and terminate vertex to the edge using 
pointers from the vertexList1 object. 

5.9.11 Add to edgeList object a pointer to edges. 

5.9.12 Increment j by 1. 

5.9.13. End For. 

End For. 

Initialize counter i=1. 

For i=1 to size of dSection1 object from IGESFile object. 
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5.13 
5.14 


5.15 
5.16 
Sk 
5.18 
5.19 


5.20 
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dEntry! = DEntry object of index i from dSection1. 

If dEntry1 is a loop 

5.14.1 pEntryl = PEntry object pointed to by dEntry1, 
obtained from pSection! of corresponding IGESFile 
object. 

5.14.2 Create an instance loop] of Loop class. 

5.14.3. Assign an id to loop! using (size of loopList + 1). 

5.14.4 For each edge in the pEntry1 

5.14.5 Ifnext edge is a Vertex 
5.14.5.1 Add to the loop] a pointer to the vertex. 

5.14.6 Else Add to the loop! a pointer to the edge. 

5.14.7 End For 

5.14.8 Add to loopList the pointer to loop1. 

End For 

Initialize counter i=1. 

For i=1 to size of dSection!] object from IGESFile object 

dEntry1 = DEntry object of index i from dSection1. 

If dEntry1 is a Face 

5.19.1 pEntryl = PEntry object pointed to by dEntry1, 
obtained from pSection1 of corresponding IGESFile 
object. 

5.19.2 Create an instance face] of Face class 

5.19.3. Assign an id to face! using (size of faceList +1). 

5.19.4 Obtain dEntry2 containing the DEntry of the 
Surface type of the Face from dSection1. 

5.19.5 Instantiate a surfacel object specific to the type of 
the surface of the face. 

5.19.6 Add to facel a pointer to that surface object 

5.19.7 For each Loop on the Surface 
5.19.7.1Add to facel a pointer to loop object from 

loopList that represents this loop. 
5.19.7.2For each Edge in the loop add a pointer to 
facel. 

5.19.8 End For 

5.19.9 Add to faceList the pointer to facel 

End For 


6 End of extract entities procedure. 


Figures 7-12 to 7-17 represent flowcharts of different modules of these 


two algorithms. 
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Figure 7-12. Flowchart for creation of an IGES file object 
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Figure 7-13. Flowchart for shell object creation 
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Figure 7-14. Flowchart for vertex extraction 
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Figure 7-15. Flowchart for edge extraction 
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Figure 7-16. Flowchart for loop extraction 
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Figure 7-17. Flowchart for face extraction 
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7.3.4 Extracting Form Features from CAD Files 


The edge direction and the face direction are the basic entities of 
information that is used to extract both simple and compound form features 
from the object data structure. The edge directions in object models can be 
defined such that, when one walks along an edge, its face is always on the 
left-hand side. When an edge is in the external loop of a face, its direction 
will be in a counter clockwise direction relative to the surrounding face.’””° 
On the other hand, when an edge is in the internal loop of a face, its direction 
will be clockwise as shown in Figure 7-18. 


Edge Direction for F2 Edge Direction for F; 


A 


Figure 7-18. The direction of edge” 


The concave edge test used in this book is based on a cross product of 
the normal vectors of the two faces joined by a given edge. This is done by 
applying vector geometry to the face and edge direction vectors. Figure 7- 


19 shows the symbols used in this test where the i” face is designated as F;, 
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its corresponding normal direction vector is defined as N; in the upward 
direction with respect to the given face, and the k" edge is designated as Ex . 


N, 
Ni 


E, 


xX 


Figure 7-19, A concave edge example 


Given the following information. The edge (Ex) shared by two faces (Fi 
and Fj) where the order is right to left from the left side of the edge view 
perspective. The direction vectors of the faces are as described above (Ni 
and Nj). Finally the edge’s directional vector is given with respect to face Fj 
using loop L; that contains the edge (E,). The following is the methodology 
for concavity test”: 


1, 


The cross (vector) product (V) of the directional vectors of the faces 
is determined as follows 

V=Ni XNj. (7.4) 
The direction of the edge Ex with respect to the face Fj is 
determined. The normal vector N; of face F; must be the first 
component in the cross product of step 1. 
If the direction vector of edge E, from step 2 is in the same direction 
of cross product V, then the edge E, is a convex edge that concludes 
F; and F; are convex faces, otherwise, it will be a concave edge and 
Fj and F; are concave faces. Also, if the cross product vector V is a 
zero vector that means the edge is a tangent category. 
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7.3.4.1 An Example for Finding the Concave Edge/Faces 


The following is an example for finding the concave edge/faces by using 
the example in Figure 7-19: 
1. Find the face normal vectors N; = [0 0 1] and N2 = [0 1 0]. 
2. Find the edge direction vector for E; with respect to F; =[1 0 0] 
3. Find the cross product (V) = [0 0 1] X [0 1 0) = [-1 0 0] 
4. The edge direction of E, and V have the opposite direction, so the 
edge E; is a concave edge and F| and F, are concave faces. 


This procedure is applied to all the edges of the object to find the 
concave or convex faces. Moreover, concave features are identified by the 
premise that concave faces include at least one concave edge with adjacent 
concave faces forming a concave face group. Each concave face group 
defines a concave feature. Similarly, adjacent convex faces form a convex 
face group. 


7.3.4.2 Algorithm for Determination of the Concavity 
of the Edge 


The following algorithm is used to find the concavity of an edge entity. 
This algorithm uses the Edge class to represent the edge entity. 
Define: 

startX = Edge.start-vertex.X-coordinate. 

startY = Edge.start-vertex. Y-coordinate. 

startZ = Edge.start-vertex.Z-coordinate. 

termX = Edge.term-vertex.X-coordinate 

termY = Edge.term-vertex. Y-coordinate. 

termZ = Edge.term-vertex.Z-coordinate. 

(Note: variables in italics are not attributes of classes) 


1 Length of line= ./[(startX- termXy +(startY— termYY- + (startZ— termZy'] 


2  Edge.Concavity = UNKNOWN 
3. If Edge.Face-Pointer [1] surface type == PLANE and Edge.Face- 
Pointer [2] surface type == PLANE 
3.1.1. Assign crossDir = cross product of Edge.Face-Pointer [1] 
normal vector and Edge.Face-Pointer [2] normal vector 
3.2 If crossDir == 
3.2.1 Edge.Concavity = TANGENT 
3.3 Else 
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3.3.1 Calculate the direction vector edgeDir for the line with 
respect to the loop. 


3.3.1.1 If crossDir is in the same direction as edgeDir 
3.3.1.1.1 Edge.Concavity = CONVEX 
3.3.1.2 Else 


3.3.1.2.1 Edge.Concavity = CONCAVE 
4  IfEdge.Face-Pointer [1] surface type == RCCSURFACE and 
Edge.Face-Pointer [2] surface type == PLANE 
4.1 Find dir/ (direction) that is orthogonal to the plane containing 
the edge and the axis of Edge.Face-Pointer [1]. 
4.2 If dir] and normal of Edge.Face-Pointer [2] are orthogonal 
to each other 
4.2.1 Edge.Concavity = TANGENT 


The algorithm starts with assigning “unknown” to Edge.Concavity. 
Then the surface types of the first face and second face are checked. If both 
faces are planes, a new variable is assigned named crossDir which indicates 
the cross product of the normal vectors of the two faces. If the cross product 
equals zero, the concavity of the common edge of the two faces is tangent. 
Otherwise, the direction vector of the common edge (edgeDir) w.r.t the first 
face is calculated. If the cross product (crossDir) has the same value as the 
edge direction (edgeDir), the concavity of that edge is convex; otherwise, 
the concavity of the edge is concave. If the type of the surface of the first 
face is right cylinder surface (RCCSURFACE) and the surface type of the 
second face is plane, the direction (Dir/) that is perpendicular to the plane 
containing the edge and the axis of the first face is calculated. If the 
direction (Dir J) is perpendicular to the normal vector of the first face, the 
concavity is tangent. Otherwise, the algorithm stops and all the previous 
procedure is repeated until all the edges in edge list class are checked. 

After classifying the edges into different categories as described in the 
previous algorithm, the classification of the loops is presented in the next 
subsection. 

Figure 7-20 represents a flowchart for determination of the concavity of 
the edge. 
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Figure 7-20. Flowchart for determining the concavity of the edge 
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7.3.4.3 Algorithm for Determination of the Concavity 
of the Loop 


The following algorithm is used to find the concavity of a loop entity 
(Loop.Loop-Concavity): 
1. Set Loop.Loop-concavity = UNKNOWN. 
2. Set concave_count= 0. 
3. Set convex_count = 0. 
4. For each edge in the loop (Loop.Edge-List [2]) 
4.1. If Edge.Concavity is concave 
4.1.1. increment concave Count by 1. 
4.2. If Edge.Concavity is convex 
4.2.1. increment convex_Count by 1. 
5. End For 
6. If concave_count == edge Count 
6.1. Set Loop.Loop-concavity = CONCAVE. 
7. Else If concave_count > 0 
7.1. Set Loop.Loop-concavity = HYBRID. 
8. Else If convex_count == edge_Count 
8.1. Set Loop.Loop-concavity = CONVEX. 


The algorithm starts with assigning “unknown” to Loop.Loop- 
Concavity. Also, two counters are set and initialized which are counters for 
the number of concave edge and convex edge (concave_count) and 
(convex_count) respectively. A third counter is assigned called Edge Count 
which has the number of the edges in the loop that constitutes the specific 
face. If the edge in the loop is concave, the concave_count counter is 
incremented by 1. Similarly, if the edge in the loop is convex, the 
convex_count counter is incremented by 1. Then, the concave_count 
counter is checked. If the concave_count counter is equal to the edge_count 
counter, it implies that the concavity of the loop is concave. Similarly, if the 
convex_count counter is equal to the edge_count counter, it implies that the 
concavity of the loop is set to be convex. Finally, if the concave_count 
counter is greater than zero, the concavity of the loop is set to be hybrid. 
Figure 7-21 represents a flowchart for determination of the concavity of the 
loop. 
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Figure 7-21. Flowchart for determination of loop type 
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7.3.4.4 Algorithms for Feature Extraction (Production 
Rules) 


The proposed methodology is able to extract many manufacturing 
features. Each feature has its own algorithm (production rule). The 
production rules are as follow: 


Rule 1: Feature: STEP THROUGH (Figure 7-22) 
1. For every concave edge (e;) of type Line in the edge list. 
2. Ifthe two common faces (facel and face2) of the edge (e,) are plane and 
orthogonal to each other 
2.1. if outer loop concave edge count equals | in both the faces 
2.1.1. STEP THROUGH found. 
2.1.2. Create a new StepT object and add to feature list. 
3. End For 


Fy 


Figure 7-22. Step through 


Rule 2: Feature STEP BLIND (Figure 7-23) 
1. For every 3 concave connecting edges (e), e2, e3) of type Line in the 

edge list. 
2. Ifthe 3 edges have a common vertex. 

2.1. If the every pair (e€;€2, e1e3, €2¢3) in the 3 edges have a common face 

of type plane surface (face1, face2, face3). 
2.1.1. Ifall the common faces are orthogonal to each other. 
2.1.1.1. If concave edge count of the outer loop of each such 
face equals 2 
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2.1.1.1.1. STEP BLIND found 
2.1.1.1.2. Create a new StepB object and add to feature 


list 
3. End For 
F3 
€2 
F2 
€3 
e| 
F, 


Figure 7-23. Step blind 


Rule 3: Feature SLOT THROUGH (Figure 7-24) 
1. For every 2 concave edges of type Line in the edge list. 
2. If the 2 edges have a common face (facel) connected to them and 
concave edge count of the outer loop of the face equals 2. 
2.1. If the other faces (face2, face3) connected to edges are 
perpendicular to the common face and parallel to each other with 
concave edge count of their outer loops equals 1. 
2.1.1. SLOT THROUGH found. 
2.1.2. Create a new SlotT object and add to feature list. 
3. End For 
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Fy 


Figure 7-24. Slot through 


Rule 4; Feature SLOT BLIND (Figure 7-25) 


Ly 
2 


For every four faces of surface type plane (named as facel to face4). 
If facel, face2 concave edge count of outer loop equals 3 each and 
face3, faced concave edge count of outer loop equals 2 each, and facel 
connected to face2 by one edge. 
2.1. If facel perpendicular to face2, face3, and face4 also face 3 and 
face4 parallel to each other. 

2.1.1. SLOT BLIND found 

2.1.2. Create a new SlotB object and add to feature list. 
End For 


F3 


F, 


>) 


Figure 7-25. Slot blind 
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Rule 5: Feature POCKET THROUGH (Figure 7-26) 


1, 
2. 


3. 


For every 4 faces of surface type plane (named as facelto face4). 

If concave edge count of outer loop equals 2 for each face. 

2.1. If each consecutive pair of faces (F,)F2, FoF3, F3F4, F4F;) has one 
common concave edge of type Line and the pair of faces is 
perpendicular to each other. 

2.1.1. POCKET THROUGH found. 
2.1.2. Create a new PocketT object and add to feature list. 

End For 


F, 
F, 


F3 
F2 


Figure 7-26. Pocket through 


Rule 6: Feature POCKET BLIND (Figure 7-27) 


1. 
De 


For every 5 faces of surface type plane (named as facelto face5). 
If facel connects to the rest of faces (F2, F3, Fy, Fs) and is perpendicular 
to them 
2.1. If adjacent faces are perpendicular and non-adjacent faces parallel. 
2.1.1. Facel concave edge count of outer loop equals 4 and 
concave edge count of other faces’ outer loop equals 3 each. 
2.1.1.1. POCKET BLIND found. 
2.1.1.2. Create a new PocketB object and add to feature list. 
End For 
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Figure 7-27. Pocket blind 


Rule 7: Feature HOLE THROUGH (Figure 7-28) 
1. For every 2 edges of type Line 
2. If the common faces of two edges are the same (half cylindrical 

surfaces) 

2.1. If the two faces form cylinder. 

2.1.1. If the two loops formed by the circular edges of the outer 
loops of the two faces are internal loops. 
2.1.1.1. HOLE THROUGH found 


2.1.1.2. Create a new HoleT object and add to feature list. 
3. End For 


Figure 7-28. Hole through 
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Rule 8: Feature HOLE BLIND (Figure 7-29) 


1. 
2. 


For every 2 edges of type Line 
If the common faces of two edges are the same (cylindrical surfaces) 
2.1. If the two faces form a cylinder 
2.1.1. If only one of the loops formed by the circular edges of the 
outer loops of the two faces is an external loop. 
2.1.1.1. HOLE BLIND found. 
2.1.1.2. Create a new HoleB object and add to feature list. 


3. End For 


Figure 7-29. Hole blind 


Rule 9: Feature STEP THROUGH ROUND CORNER (Figure 7-30) 


1. 
2 


For every 3 tangent edges of type Line in the edge list (e), e2, e3) 
If the common face of the 2 edges is quarter cylindrical surface (F), F3). 
2.1. The other two faces (F), F4) connected to edges are perpendicular to 
each other. 
2.1.1. If concave edge count of the outer loops of the four faces 
equals 0 each. 

2.1.1.1. STEP THROUGH ROUND CORNER found. 

2.1.1.2. Create a new StepT_RC object and add to feature list. 
End For 
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Figure 7-30. Step through round corner 


Rule 10: Feature STEP BLIND ROUND CORNER (Figure 7-31) 


1B 
Zi 


For every 5 faces (named as facelto face5). 
If face3 and face4 are % of a cylinder and the other three (facel, face2, 
face5) are plane. 
2.1. If face3 connects to face2 and face4 by tangent lines and to facel 
by a circular arcs and is perpendicular to it. 
2.2. If face4 connects to face3 and faceS by tangent lines and to facel 
by a circular arcs and is perpendicular to it. 
2.2.1. If facel, face2 and face5 are perpendicular to each other. 
2.2.1.1. If concave edge count of face2, faceS equals 1 and face] 
equals 2 each. 
2.2.1.1.1. STEP BLIND ROUND CORNER found 
2.2.1.1.2. Create a new StepT_BC object and add to 
feature list. 
End For 
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F4 
F3 
Fs 
F5 
Fi 


Figure 7-31. Step blind round corner 


Rule 11: Feature SLOT THROUGH ROUND CORNER (Figure 7-32) 
1. For every 7 faces (named as facel to face7). 
2. If face2, face3, face5, and face6 are 4 of a cylinder. 
2.1. If all faces (facel to face7) connected by tangent lines 
2.1.1. If facel, face7 perpendicular to face4 and parallel to each 
other 
2.1.1.1. If concave edge count of the outer loop of all faces 
equals 0 each. 
2.1.1.1.1. SLOT THROUGH ROUND CORNER found 
2.1.1.1.2. Create a new SlotT_RC object and add to 
feature list. 
3. End For 
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Fs 


Figure 7-32. Slot through round corner 


Rule 12: Feature SLOT BLIND ROUND CORNER (Figure 7-33) 
1. For every 8 faces (named as facel to face8). 
2. Ifface3, face 4, face6, and face7 have % of a cylinder. 
2.1. Ifall faces and edges connected to each other. 
2.1.1. If face2 and face8 are perpendicular to face5 and parallel to 
each other 
2.1.1.1. If facel is perpendicular to all other faces and concave 
edge count of outer loop of facel equals 3. 
2.1.1.2. If (face3, face4), (face6, and face7) connected to each 
other and face2, face5, and face8 are connected to them 
by tangent edges. 
2.1.1.3. If concave edge count of outer loop of face2, faceS and 
face8 equals 1 each and of face3, face4, face6 and 
face7equals 0 each. 
2.1.1.3.1. SLOT BLIND ROUND CORNER found. 
2.1.1.3.2. Create a new SlotB_RC object and add to 
feature list. 
3. End For 
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Figure 7-33. Slot blind round corner 


Rule 13: Feature POCKET THROUGH ROUND CORNER (Figure 7-34) 
1. For every 12 faces (named as facelto face12). 
2. If faces (Fo, F3), (Fs, Fe), (Fs,Fo), (Fir, Fiz) “% of a cylinder and all other 
faces are plane surface. 
2.1. If all the adjacent faces are connected by tangent lines, and concave 
edge count of the outer loop of all the faces equals 0 each. 
2.1.1. POCKET THROUGH ROUND CORNER found 
2.1.2. Create a new PocketT_RC object and add to feature list. 
3. End For 


F 
F7 § Fs 
Fg Fy 
F3 
Fo F2 
F, 
Fio 
Fy 
Fi3 


Figure 7-34. Pocket through round corner 
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Rule 14: Feature POCKET BLIND ROUND CORNER (Figure 7-35) 


1. 


2 


For every 13 faces (named as facelto face13). 
1.1. If faces (F2, F3), (Fs, Fe), (Fs,Fo), (Fir, Fiz) % of a cylinder and all 
other faces are plane surface. 
1.2. If all faces from facel to face12 are connected by tangent lines and 
all faces are perpendicular to faces13. 
1.2.1. Ifall faces except facel3 have concave edge count of outer 
loop equal to 1 and for faces 13 equals 4. 
1.2.1.1. POCKET BLIND ROUND CORNER found. 
1.2.1.2. Create a new PocketB_RC object and add to feature list. 
End For 


F F, F 
Fs. . ~Os 
Fos F3 
Fio0 F) 
F, F, 
Fi3 
Fi 


Figure 7-35. Pocket blind round corner 


Rule 15: Feature DOVETAIL SLOT (Figure 7-36) 


1. 
2 


For every 3 faces (named as facel, face2, face3). 
If facel is connected to face2 and face2 is connected to face3. 
2.1. If the connecting edges (e; and e2) between the faces are concave. 
2.1.1. Ifthe angle at the edges is less than 90 degrees. 
2.1.1.1. DOVTAIL SLOT THROUGH found. 
2.1.1.2. Create anew DOV SLOT THROUGH feature and add 
to the feature list. 
End For 
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Figure 7-36. Dovetail slot 


Rule 16: Feature V SLOT THROUGH (Figure 7-37) 
1. For every 2 faces (named as facel, face2). 
2. Iffacel, face2 are connected to each other. 
2.1. Ifthe common edge (e;) is concave. 
2.1.1. Ifthe angle between facel and adjacent faces where the 
common edge (e}) is not directly connected to (e)) is grater 
than 90° . 
2.1.2. Ifthe angle between face2 and adjacent faces where the 
common edge (e)) is not directly connected to (e;) is grater 
than 90° . 
2.1.2.1. VW SLOT THROUGH found. 
2.1.2.2. Create anew V SLOT THROUGH feature and add to 
the feature list. 
3. End For 
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F2 e| F; 


Figure 7-37. V Slot through 


Rule 17: Feature W SLOT THROUGH (Figure 7-38) 

1. For every 3 faces (named as facel, face2, face3). 

2. Iffacel is connected to face2 and face2 is connected to face3. 

2.1. If the connecting edges (e; and e2) between the faces are concave. 
2.1.1. Ifthe angle at the edges is greater than 90 degrees. 
2.1.2. W SLOT THROUGH found. 
2.1.3. Create anew W SLOT THROUGH feature and add to the 
feature list. 
3. End For 


Figure 7-38. W Slot through 
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Rule 18: Feature CONE (Figure 7-39) 


1. 
2. 


For every 2 faces (named as facel, face2). 

If face] and face2 have surface of type surface of revolution and facel is 

connected to face2 at exactly two common edges. 

2.1. If the common edges are of type line (straight) and all the non- 
common edges are circular arcs. 

2.2. If both the common edges on each face intersect each other. 

2.2.1. Ifthe angle between generatrix and axis is less than 90° for 
both faces, and corresponding circular arcs have the same 
radius 

2.2.1.1. CONE found. 
2.2.1.2. Create a new CONE feature and add to feature list 
End For 


F, F2 


Figure 7-39. Cone 


Rule 19: Feature SINK (Figure 7-40) 


li 
2. 


For every 2 faces (named as facel, face2). 

If facel and face2 have surface of type surface of revolution and facel is 

connected to face2 at exactly two common edges. 

2.1. Ifthe common edges are of type line (straight) and all the non- 
common edges are circular arcs. 

2.2. If both the connecting edges on each face are separated by at least 
one other edge. 
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2.2.1. Ifthe angle between generatrix and axis is less than 90° for 
both faces, and corresponding circular arcs have the same 
radius. 

2.2.1.1. SINK found. 
2.2.1.2. Create a new SINK feature and add to feature list. 


3. End For 
F, F> 


Figure 7-40, Sink 


7.4 Summary 


In this chapter, algorithms for extracting entities form IGES file are 
developed. Also, feature extraction algorithms are presented. In the next 
chapter, classifications of the interacting features are developed. Interacting 
feature extraction algorithms are also presented. 


75 Problems 


7.1. Draw the proposed diagram for intelligent feature recognition 
methodology presented in this chapter. 
7.2. What are the three main phases for the intelligent feature recognition 
methodology presented in this chapter? 
7.3. What are the basic IGES entities used for the intelligent feature 
recognition methodology? Explain. 
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7.4, Develop an alternative hierarchy of classes and attributes of the 
designed object. 

7.5. What is the difference between interior form feature (FFinterior) and 
exterior form feature (FF exterior)? Support your answer with a sketch. 

7.6. Distinguish between convex features and concave features. 

7.7, Discuss the geometry and topology of B-rep. 

7.8. Define the loop and discuss its classification. 

7.9. Develop an algorithm for extracting entries from directory and 
parameter sections of IGES file. 

7.10. Develop an algorithm for extracting the basic entities of the designed 
part. 

7.11. Explain how the direction of the edge can be defined. 

7.12. What is the concavity test? 

7.13. Perform the concavity test for the following component: 


7.14. Develop an alternative algorithm for determination of the concavity of 
the edge. 

7.15. Develop an alternative algorithm for determination of the concavity of 
the loop. 

7.16. Develop alternative production rules for the following features: 


Chapter 8 


Feature Interaction Methodology 


In this chapter, a methodology for feature interaction of prismatic parts 
for CAM applications is developed and presented. Classification of 
interacting features is also addressed. 


8.1 Feature Interaction 


Many researchers have extensively investigated the problem of 
recognizing the interactions among features. Shah and Mantyla'™ defined 
the feature interaction as “intersections of feature boundaries with those of 
other features such that either the shape of the semantics of a feature is 
altered from the standard or generic definition.” Once feature interaction 
happens, the pattern of features is changed and the original topology or 
pattern information for an individual feature is distorted. Feature 
interactions make the problem of feature recognition more difficult to deal 
with. Moreover, the feature interactions can affect the procedure of feature 
recognition and the manufacturing planning. 

The approaches of feature interaction recognition are based on searching 
the feature configuration for the geometry of the part. The interaction 
information is restricted to geometrical entities of a part. In this methodolgy, 
the interaction of the features is developed by using the geometric reasoning 
approach after extraction of the single features as presented in the previous 
chapter. The interactions of the features are extracted by the geometrical 
model of the designed object and by the feature level. The interactions 
between features are unique for each couple of features. 
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In this book, feature interaction can be classified as intersecting features 
or compound features as shown in Figure 8-1. The following subsections 
will define and present the algorithms for both intersecting and compound 
features. 


! 


| eee ere ! 


i 


yt a E, 


L etn es | =item | 


| eee | | 


ee etan o rc i 
| Two Slots | Two Slots 
Stepped Slots 
(ype 1) | ype?) y | 


I i 


| Counter Sink | Counter Bore aad Counter Bore eee mtr | Cylinder Blind 
Tow | Be | | eee | |e | | Ya | [Tian | Cdn 


Figure 8-1. Classification of interacting features 


8.1.1 Intersecting Features 


As mentioned in Chapter 4, the concept of features in the design domain 
is different from the concept of features in the manufacturing domain. For 
example, the designed object that is shown in Figure 8-2 may consist of a 
pocket through and a slot through as described from the proposed feature 
methodology presented in the previous chapter. If such manufacturing 
feature information is directly used in a process planning domain, then it 
would be hard for the system to find appropriate machining operations for 
both features because of the confliction of the production rule for each 
feature. Therefore, there is a gap between feature recognition and processing 
planning as an application of CAM. This problem can be viewed due to the 
interaction between these two features. It is clear that the two features 
intersect with each other to form a standard manufacturing feature called a T 
slot feature. A better approach would be to merge interacting features 
automatically into a higher level due to manufacturing point of view.” 
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Face (F,) Face (F2) 


Figure 8-2. T slot feature 


From the geometric reasoning approach, the main interaction can be 
defined as follows: when two concave features intersect, one of the features 
diminishes as in the T slot shown in Figure 8-2. The upper concavity is 
removed by the lower concavity and becomes convex. For example, as 
shown in Figure 8-2, face (F,) and face (F,) should be extracted as convex 
faces and not concave faces. So, the proposed production rules described in 
the previous chapter may not be able to extract the intersected features 
owing to the interaction between the features. To solve this type of problem, 
the merging features concept is used to combine the features that can be 
manufactured in a single machining process. 


8.1.1.1 Merging Features that Can Be Manufactured 
Concurrently 


In machining operations, it is practical to machine more than one surface 
in a single machine pass to reduce the total machining time, which includes 
setup machine time. Therefore, that will reduce the total manufacturing 
costs. In this book, the proposed methodology is developed in order to 
extract single features that can be combined to represent one feature that can 
be manufactured in a single machining operation. The proposed 
methodology has the ability to combine single features by searching the 
simple features (see Chapter 7) and checking a group of conditions for the 
possibility of combining these features. These conditions” that must be 
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achieved are as follows: two or more features can be merged if: 

1. The two features should not be neighboring each other and at the 
same time, there are no other features between them. The features 
can be neighbors if there is a face or an edge that connects these 
features, e.g., two slots intersecting each other. 

2. The two features should have at least one common machining 
direction. 

3. There is at least one face in one feature on the same plane as a face 
in the other feature, or in other words, they should have the same 
normal vectors (only in case of prismatic features). 

4, There is at most one face in one feature parallel to a face in the other 
feature, i.e., they are not on the same plane. For cylindrical features, 
all the features should have the same axis. 

These conditions are explained in the next subsection as an example. 


8.1.1.2 Example of Merging Features 


Figure 8-3 shows the following three intersecting slot through features 
(fi, fo, and f;). Faces F), F,, and F3 constitute the first slot through feature 
(f;), the group of faces Fy, Fs, and F¢ constitutes the second slot through (f,) 
and finally, faces F;, Fs, and Fo represent the third slot through feature (f3). 


Feature (f3) 


Face 7 Face 8 Face 9 


Feature (f}) 


Feature (f2) 


Figure 8-3. An example of merging condition 


Computer-Based Design and Manufacturing 185 


By applying the merging conditions, feature (f;) is neighboring to 
feature (f,). The first condition in the merging rules is not achieved. 
Consequently, feature (f|) cannot be merged with feature (f,). Similarly, 
feature (f2) is next to feature (f;). Hence, feature (f2) and feature (f;) cannot 
be merged. On the other hand, features (f|) and (f3) are not neighboring to 
each other, and at the same time, there are no other features between them. 
Thus, the first condition in the merging rules is fulfilled on f; and f3. 
Features (f;) and (f;) have the same machining direction which is along x- 
axis. So, the second condition in the merging rules is also satisfied. 
Because faces F; and Fo, F2 and Fg, and F3 and F7 have the same normal 
vectors, the third condition in the merging rules is satisfied. Features (f)) 
and (f;) do not have any parallel faces to each other. For that reason, the last 
condition in the merging rules is met, and features (f;) and (f;) can be 
merged to constitute a single feature (f,) which is a bigger slot through 
feature. 


8.1.1.3 Algorithms for Intersecting Features Extraction 
(Production Rules) 


Rule 20: Feature TSLOT THROUGH (Figure 8-4) 

1. For every 7 faces (named as facel (F;) to face7 (F7)). 

2. If facel, face7 have convex outer loops and all faces are connected 
sequentially except facel and face7. 

2.1. If facel and face7 are parallel, face2 and face6 are on the same 
plane, and face3 and faceS5 are parallel to each other and 
perpendicular to face4. 

2.1.1. T SLOT THROUGH found. 
2.1.2. Create anew T SLOT THROUGH feature and add it to the 
feature list. 
3. End For 
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Figure 8-4. T slot through 


Rule 21: Feature SLOT THROUGH (TWO SLOTS MERGED Type 1) 
(Figure 8-5) 
1, For every TWO SLOT THROUGH features in the feature list. 
2. If corresponding faces of both the features are parallel to each other and 
no corresponding faces are common except the center face. 
2.1. Create anew SLOT THROUGH (TWO SLOTS) feature. 
2.2. Add the TWO SLOT THROUGH features as sub features of SLOT 
THROUGH (TWO SLOTS). 
2.3. Remove the TWO SLOT THROUGH features from the simple 
feature list. 
2.4. Add SLOT THROUGH (TWO SLOTS) to the feature list. 
3. End For 
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Slot; Slot; 


Z 


= Slot? 


Figure 8-5. Two slots (type 1) 


Rule 22: Feature SLOT THROUGH (TWO SLOTS MERGED _Type 2) 
(Figure 8-6) 
1. For every TWO SLOT THROUGH (named Slot, & Slot,) features in the 
feature list. 
2. If corresponding faces of both the features are parallel to each other. 
2.1. Create anew SLOT THROUGH (TWO SLOTS) feature. 
2.2. Add the TWO SLOT THROUGH features as subfeatures of SLOT 
THROUGH (TWO SLOTS). 
2.3. Remove the TWO SLOT THROUGH features from the simple 
feature list. 
2.4. Add SLOT THROUGH (TWO SLOTS) to the feature list. 
3. End For 
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Slot, 


Slot 


Figure 8-6. Two slots (type 2) 


Rule 23: Feature STEPPED SLOTS (TWO SLOTS MERGED) 
(Figure 8-7) 
1. For every TWO STEP THROUGH Features 
2. Ifone pair of corresponding faces are parallel and the other pair on the 
same plane. 
2.1. Ifthe normal vectors of each of parallel faces point towards the 
other face. 
2.1.1. If there is no obstruction between the two features. 
2.1.1.1. SLOT THROUGH(MERGED) found. 
2.1.1.2. Create a new SLOT THROUGH (MERGED) feature 
and add to the feature list. 
3. End For 
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Step Through, Step Through» 


Figure 8-7. Stepped slots 


8.1.2 Compound Features 


A compound feature is a combination of single features. Compound 
features handle the situation in which a large single feature contains certain 
smaller attached single features. On the other hand, from the manufacturing 
point of view, compound features can be defined as features that intersect 
with each other. Therefore, the machining sequence may or may not affect 
the machining of the other feature. For example, as shown in Figure 8-8, 
the hole through feature intersects the slot blind feature. If the hole through 
feature has a diameter larger than the width of the slot blind feature, 
machining the slot blind feature first and the hole through feature second 
will lead to a problem in the drilling operation. Hence, recognition of the 
compound features will play an important key role in the downstream CAM 
applications. 

Compound features addressed in this book are different from the 
intersecting features defined in the previous section. In this methodology, a 
compound feature is assumed to be a single feature once the individual 
single features interact together. In Figure 8-8, the feature interacted by two 
concave features (slot and hole through) is assumed to be a compound 
feature because it can be extracted from the basic common surface.” 
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Slot 


Hole Through 


Figure 8-8. Slot blind versus hole though features 


Another typical compound feature can be viewed as the bond of two 
faces from two interacting features. For example, a counter bore consists of 
two coaxial cylinders (two blind holes) as shown in Figure 8-9. Therefore, in 
the domain of features of interest, all possible concatenations of interacting 
features can be found. 


Hole Blind, 


Hole Blind, 


Figure 8-9. Counter bore blind feature 
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8.1.2.1 Concatenation of Features Procedure 


The procedure of concatenating features, which are the output from the 
previous feature recognition module, is addressed in this subsection. The 
procedure contains two basic steps: 


1. For any two or more features, check whether the possibility of 
feature concatenation exists. The checking can be done by 
examining the names of recognized features and the relationship 
between features. 

2. For features that are likely to be concatenated together, check 
whether the glue of common faces between the two features matches 
with the topological structure of a designated compound feature. The 
checking process can be done by using the production rules. 


8.1.2.2 Algorithms for Compound Features Extraction 
(Production Rules) 


Rule 24: Feature COUNTER SINK THROUGH (Figure 8-10) 
1. For every TWO features (named feature] and feature2) in the feature list 
2. If feature! is a SINK and feature2 is a HOLE THROUGH 
2.1. If each of the faces in featurel is connected to at least one of the 
faces in feature2 and the connecting edges have smallest radii of all 
the circular edges on faces of feature1. 
2.1.1. Ifthe axes of featurel and feature2 coincide. 
2.1.1.1. COUNTER SINK THROUGH found. 
2.1.1.2. Create anew COUNTER SINK THROUGH feature 
and add to the feature list. 
2.1.1.3. Remove featurel and feature2 from the feature list. 
3. End For 
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= Feature, 


Feature 


Figure 8-10. Counter sink through 


Rule 25: Feature COUNTER BORE BLIND (Figure 8-11) 
1. For every 2 features (named feature! and feature2) in the feature list 
2. Iffeaturel is a HOLE BLIND and feature2 is a HOLE BLIND 
2.1. If the inner loop of the blind face of feature is connected to the 
two faces of the feature2. 
2.1.1. Ifthe axes of featurel and feature2 coincide. 
2.1.1.1. COUNTER BORE BLIND found. 
2.1.1.2. Create a new COUNTER BORE BLIND feature and 
add to the feature list. 


2.1.1.3. Remove feature] and feature2 from the feature list. 
3. End For 
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Feature, 


Feature 


Figure 8-11. Counter bore blind 


Rule 26: Feature COUNTER BORE THROUGH (Figure 8-12) 


is 


oa 


For every TWO features (named feature! and feature2) in the feature 
list. 
If feature! is a HOLE BLIND and feature2 is a HOLE THROUGH 
2.1. If the inner loop of the blind face of feature1 is connected to the 
two faces of the feature2. 
2.1.1. Ifthe axes of feature] and feature2 coincide 
2.1.1.1. COUNTER BORE THROUGH found. 
2.1.1.2. Create'a new COUNTER BORE THROUGH feature 
and add to the feature list. 

2.1.1.3. Remove feature] and feature2 from the feature list. 

End For 
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Feature 


Feature? 


Figure 8-12. Counter bore through 


Rule 27: Feature COUNTER BORE BLIND CONIC BOTTOM 
(Figure 8-13) 

1. For every TWO features (named feature, and feature) in the feature list. 
If feature; is a COUNTER BORE THROUGH and feature is a CONE. 
2.1. If the HOLE THROUGH end of feature; is connected to both the 

faces of feature. 
2.1.1. Ifthe axes of feature; and feature, coincide. 
2.1.1.1. COUNTER BORE BLIND CONIC BOTTOM found. 
2.1.1.2. Create anew COUNTER BORE BLIND CONIC 
BOTTOM feature and add to the feature list. 
2.1.1.3. Remove feature; and feature, from the feature list. 
3. End For 
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Feature? 


Figure 8-13. Counter bore blind conic bottom 


Rule 28: Feature CYLINDER BLIND CONIC BOTTOM (Figure 8-14) 


le 
pe 


For every TWO features (named feature, and feature) in the feature list. 

If feature, is a HOLE THROUGH and feature, is a CONE 

2.1. If each of the faces in featurel is connected to at least one of the 

faces in feature, 
2.1.1. Ifthe axes of feature; and feature, coincide. 
2.1.1.1. CYLINDER BLIND CONIC BOTTOM found. 
2.1.1.2. Create anew CYLINDER BLIND CONIC BOTTOM 
feature and add to the feature list. 

2.1.1.3. Remove feature, and feature, from the feature list. 

End For 
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Feature 


a Feature 


Figure 8-14. Cylinder blind conic bottom 


Rule 29: Feature COUNTER SINK BLIND CONIC BOTTOM 
(Figure 8-15) 

For every TWO features (named feature, and feature) in the feature list. 

If feature, is a SINK and feature, is a CYLINDER BLIND CONIC 

BOTTOM. 

2.1. If each of the faces in feature; is connected to at least one of the 
faces belonging to the Hole Through feature in feature, and the 
connecting edges have smallest radii of all the circular edges on 
faces of feature,. 

2.1.1. Ifthe axes of feature; and feature, coincide. 
2.1.1.1. COUNTER SINK BLIND CONIC BOTTOM found. 
2.1.1.2. Create anew COUNTER SINK BLIND CONIC 
BOTTOM feature and add to the feature list. 
2.1.1.3. Remove feature, and feature, from the feature list. 
3. End For 
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Feature, 


Feature 


Figure 8-15. Counter sink blind conic bottom 


Rule 30: Feature COUNTER SINK BLIND FLAT BOTTOM 

(Figure 8-16) 
1. For every TWO features (named feature, and feature2) in the feature list. 
2. If feature; isa SINK and feature is a HOLE BLIND. 

2.1. If each of the faces in feature, is connected to at least one of the 
faces in feature, and the connecting edges have smallest radii of all 
the circular edges on faces of feature,. 

2.1.1. Ifthe axes of feature; and feature, coincide. 
2.1.1.1. COUNTER SINK BLIND FLAT BOTTOM found. 
2.1.1.2. Create anew COUNTER SINK BLIND FLAT 
BOTTOM feature and add to the feature list. 
2.1.1.3. Remove feature; and feature, from the feature list. 
3. End For 
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Feature 


Feature 


Figure 8-16. Counter sink blind flat bottom 


8.2 The General Algorithm for Extraction of 
Interacting Features 


This section addresses the general algorithm for extraction of interacting 
features (intersecting and compound). 


1. For every recognizable interacting feature. 
Pick a set of unselected constituting simple feature or other interacting 
features that could possibly form the required complex feature. 
3. Do the following steps: 
3.1. If the selected set contains any feature marked as a subfeature then 
go to 4. 
3.2. Apply all the feature recognition rules to the feature set. 
3.3. If the feature set satisfies the rules required for the interacting 
feature. 

3.3.1. A new intersecting feature is created and added to the 
existing feature list. 

3.3.2. All the features that are part of this feature are marked as 
subfeatures so they are not individually used in recognition of 
other interacting features. 

4. While more feature sets are available. 


Figure 8-17 represents the flowchart of general extraction process for 
interacting features (Fx). 
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Pick a set of (n) features from the 
-—> unselected feature set 
(no set is selected more than once) 


NO 


Note: the type of features 
in the set and number (n) 
depend on the feature 
being recognized here 


ts a set found? 


Yes 


if any feature in 
the set is marked 
as sub feature 


Apply feature production rules 
to the set 


NO 
New feature 
found? 


Create new feature of type 
(Fx) and add this feature to 
the feature list 


Mark all the features in the 


feature set as subfeatures 


Figure 8-17. Flowchart of general extraction process for interacting features 
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8.3 Summary 


In this chapter, classifications of the interacting features are developed. 
Also, interacting feature extraction algorithms are presented. In the next 
chapter, mapping the extracted manufacturing features to the process 
planning point of view is presented. 


8.4 Problems 


8.1. Define feature interaction. 

8.2. Classify the interacting features. 

8.3. Discuss the intersecting features and show how the geometric 
reasoning approach is used in extraction of these features from the 
CAD system. 

8.4. What are the conditions that must be achieved for merging features? 

8.5. Explain how the merging features conditions can be applied for the 
following design: 


8.6. Develop an alternative production rule for the following feature: 


Computer-Based Design and Manufacturing 201 


8.7. Distinguish between compound features and intersecting features. 
8.8. Develop alternative production rules for the following features: 


8.9. Develop an alternative algorithm for extraction of interacting features. 


Part III: Feature-Based Process Planning and 
Techniques 


Chapter 9 


Mapping the Extracted Manufacturing Features to 
Process Planning 


9.1 Introduction 


After extracting the manufacturing features from the designed part, it is 
necessary to map all the extracted manufacturing features to the process 
planning point of view as an application of CAM. Therefore, in this phase, 
it is necessary to determine the detailed machining information for each 
feature and the designed part by identifying the operation sequence of the 
designed part, the operation type, the machine, the cutting tool, the tool 
approach/machining direction, and the removed machining volume for each 
feature. 


9.2 Machining Operations 


The main objective of any machining operation is to create the required 
shape of the designed part by removing the excess material from the 
workpiece in form of chips. There are many machining operations such as 
turning, milling, drilling, grinding, broaching, and sawing. In this book, 
because of the nature of the prismatic shapes of interest, only the milling 
and drilling operations are considered. 


9.2.1 Drilling Operations 


Drilling is the metal cutting operation that creates holes in workpieces 
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with a cutting tool called a “twist drill.” This operation must be performed 
frequently in every machine shop to produce the many accurately spaced 
and sized holes that are required to receive the pins, screws, and bolts that 
are used to align and hold machine parts together in their assemblies. 
Drilled holes are often modified by reaming, countersinking, counterboring, 
tapping, and other operations, which are usually performed on the drilling 
machine also. 


9.2.2. Milling Operations 


On the other hand, milling is the metal cutting operation that forms 
metal surfaces with a milling cutter. A milling cutter is a multiple edged 
metal cutting tool that is circular in its transverse cross section and has teeth 
made in a surface of revolution. Metal is cut from workpieces by traversing 
them past the cutter while it rotates about the axis of a milling machine 
spindle.” Table 9-1 shows the operation type, the machine, and the cutting 
tool for each extracted manufacturing feature. 


9.3 Machining Sequence Procedure 


In this section, steps of machining sequence procedure are presented. 

1. For each feature recognized, its origin is designated as the point on 
the feature closest to the origin. 

2. Sort all the features based upon the z coordinate (in descending 
order) of their respective origin. 

3. The feature with the highest z value will be the first in machining 
sequence and the feature with the lowest z value will be the last in 
machining sequence. 

4. Multiple features with same z value of their origin will be machined 
in the sequence in which they were originally recognized. 


Dovetail Dovetail Milling 
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Table 9-1 Machining information for the extracted manufacturing feature 
No. Feature Operation Machine Cutting Tool 
Type 
1 Step Through Shoulder_Mitling Milling _ Side Milling Cutter 
2 Slot Through Slotting Milling Milling End mill Cutter 
3 Step Blind Shoulder Milling Milling Side Milling Cutter 
4 Slot Blind Slotting Milling Milling End Milling Cutter 
Pocket Through Pocket_Milling _ Milling End Milling Cutter 
6 Pocket Blind Pocket_Milling Milling End Milling Cutter 
7 Hole Through Drilling Drilling Twist Drill 
8 Hole Blind Drilling Drilling Twist Drill 
[ Corner Rounding Milling 
9 Step Through RC Shoulder_Milling Milling | Cutter 
Corer Rounding Milling 
Step Blind RC Shoulder_Milling Milling Cutter 
Corner Rounding Milling 
Slot Through RC Slotting Milling Milling Cutter 
Corner Rounding Milling 
Slot Blind RC Slotting Milling Milling Cutter 
13 Pocket Through RC Pocket_Milling Milling Cutter 
Corner Rounding Milling 
14 Pocket Blind RC Pocket_Milling Milling Cutter 
Double Angle Milling 
15 V Slot V Slot_Milling Milling Cutter 
16 i 
7 


1 


W Slot 
T Slot 


Counter Bore Throu: 


Slotting Milling 


Dovetail Milling Cutter 


End Milling Cutter 


Counter Bore Blind Conic 


Bottom 


Hole Blind Conic Bottom Drilling 


T Slot_Milling Milling T Slot Milling Cutter 
h Counter_Boring_Drilling Drilling Drill + Counter Bore Drill 
Counter Bore Blind Counter_Boring_Drilling Drilling Drill + Counter Bore Drill 
Drill + Counter Bore 
Counter Boring Drilling Drilling Drill+Drill 
Drill + Drill 


Counter Sinking Drilling 


Counter Sinking Drilling 


{ Counter_Sinking Drilling 


23 Counter Sink Through 
Counter Sink Blind Flat 
24 Bottom 
Counter Sink Blind Conic 
25 Bottom 
9.4 


Drilling Drill + Counter Sink Drill 
Drilling Drill + Counter Sink Drill 

Drill + Counter Sink Drill 
Drilling + Drill 


Machining Direction Procedure 


In this section, steps of machining direction procedure are addressed. 


1. 
and orientation. 


Each feature has a different machining direction based on its design 
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2. When a feature is recognized, its machining direction is also 
identified based on the directions that are available for machining 
that feature and also the orientation of the feature. 

3. The directions are identified using crucial edges as references in 
every feature. 

For example, as shown in Figure 9-1, in a simple step through feature, 

the machining direction can be either way along the edge that intersects 

the two faces of the feature. Therefore, the two machining directions are 

[0,-1, 0] and [0, 1, 0]. The directions of the feature also change based on 

the orientation of the found feature. Another example of cylindrical 

features is shown in Figure 9-2. The machining direction of the simple 
hole through feature is [0, 0,-1] which represents the direction of the axis 
of the hole. 


Basic Edge 


Machining Direction, 


Machining Direction, 


Figure 9-1. Step through machining direction 


Machining Direction 


Figure 9-2. Hole through machining direction 
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9.5 Machining Information Procedure 


This procedure addresses how the machining operations, machines, and 

tools associated for each recognized feature are identified. 

1. A map of features to machining information is defined based on Table 9- 
1. 

2. The program uses this map to associate each feature to the machining 
operations involved in creating that feature. 

3. The mapped machining operations will indicate the machine to be used 
in machining the feature based on Table 9-1. 

4. The program also uses Table 9-1 to map machining operations to tools 
that will be used with each such machining operation. 

5. The machining volume (V) for each extracted manufacturing feature is 
calculated as shown in Table 9-2 


Table 9-2. Machining volume 


Feature Feature shape Volume (V) 
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V=LxWXxH-LxR?+(2/4)R?xL 


V=LxWxH-HxR*+(2/4)R°xH 


V=LxWxH-2LxR?+(2/2)R7xL 
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Pocket 
Through 
(Round 
Corner) 


Dovetail 
Slot 
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V=LxWxH-2HxR*+(n/2)R°xH 


V=LxWxH-4HxR’+(2)R°xH 


V=LxWxH-4HxR?+(2)R°xH 


V =(1/2)(Wi + Wo) x Hx L 


V =(1/2)(W) x Hx L 
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9.6 Summary 


In this chapter, mapping all the extracted manufacturing features to the 
process planning point of view as an application of CAM is presented. In 
the next chapter, implementation of all developed algorithms is presented 
through examples for demonstration purposes. 


9.7 Problems 


9.1. Define the machining operations and list the different types of them. 
9.2. Explain the drilling and milling operations. 
9.3. What are the steps of the machining sequence procedure? 
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9.4. For the following features, determine the machines, operations, and 
cutting tools that can be considered as the most important machining 
information for machining them: 


Step Blind RC 


Slot Through RC 
Slot Blind RC 
Pocket Through RC 
Pocket Blind RC 
V Slot 
Dovetail 
W Slot 
T Slot 


a 
Counter Bore Through 


Counter Bore Blind 
Counter Bore Blind Conic Bottom 
Hole Blind Conic Bottom 


9.5. Explain how the machining direction for the extracted features can be 
defined. 
9.6. Define the machining direction for the following features: 


9.7. Describe how the machining information can be associated with the 
extracted features. 


Chapter 10 


Intelligent Feature Recognition Methodology (IFRM) 
Implementation 


This chapter presents the implementation of the intelligent feature 
recognition methodology (IFRM). Basically, IFRM consists of two major 
stages: CAD interface and feature recognition program. The designed part is 
created by using a Mechanical Desktop 6 power pack” CAD system that 
supports B-rep and IGES translators. However, any CAD system can be 
used. The feature recognition program is developed using Windows-based 
Microsoft Visual C++ 6 on a PC environment. Finally, illustrative examples 
are presented for demonstration purposes. 


10.1. CAD Interface for the IFRM System 


Mechanical Desktop CAD system is one of the recent CAD softwares 
that can be used for design applications. This CAD system supports both 
boundary representation (B-rep) and IGES translator (version 5.3). In 
Mechanical Desktop, the designed part can be represented by 2D or 3D 
drawings. In this book, the part designs are represented by 3D solid models 
using constructive solid geometry (CSG) as a design tool. The designed part 
is constructed using the fixed set of solid primitives (block, cylinder, sphere, 
wedge, and torus). A compound 3D solid model can be created by 
combining two or more solid primitives using the Boolean operations 
(union, subtraction, and intersection). Moreover, the designed parts can be 
developed by drawing 2D design and then applying the extrude or evolve 
operations. 
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After creating a 3D solid model of the designed part, the CAD user has 
to export the 3D solid model file into an IGES format provided that B-rep 
option version 5.3 should be highlighted. Then the user has to save the 
IGES file in order to be used as an input for the feature recognition program. 
This file is designated as a geometrical attributes file. Figure 10-1 shows a 
flowchart of the CAD interface stage. 


Start CAD system 


Create / Load 3D solid 
designed part 


Generate (Export) B- 
rep/IGES File 


a oe 


Save IGES File of the 
designed part 


End 


Figure 10-1. Flowchart of CAD interface 


10.2. +Feature Recognition Stage 


After generating the geometrical attributes of the designed part by CAD 
system and saving them into a geometrical attributes file, the feature 
recognition program will be executed to read and interpret this geometrical 
attributes and transform them into design information. The feature 
recognition (IFRM) program is developed by C++ language on a PC 
platform. IFRM has the capability to recognize the following features: holes 
(blind, through, and round corners), steps (blind, through, and round 
corners), pockets (blind, through, and round corners), inclined surfaces, and 
the interaction between these features. IFRM is able to distinguish 
automatically between the different types of features (without a user 
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interface). The geometrical attributes of the designed part are transformed 
into manufacturing information (features) by running the production rules 
for each feature and saving them into a manufacturing information file. This 
file contains the features of the designed part and their related attributes such 
as feature’s type, dimensions, locations, etc. Figure 10-2 shows the 
implementation procedure of the proposed methodology. 

In general, the following steps are the proposed methodology for 
feature’s extraction and classifications: 


Step 1: Extract the geometry and topology entities for the designed object 
model from IGES file: 
(a) Identify vertices, edges, faces, loops of the object. 


Step 2: Extract topology entities in each basic surface and identify its type: 
(a) Identify the total number of loops in each surface. 
(b) Identify the basic surface due to total number of loops. 
(c) Classify the loops into different types (concave, convex, and 
hybrid). 


Step 3: Test the feature’s existence in the basic surface based on loops. 


Step 4: Identify feature type: 
(a) Identify exterior form features (FFexterio.) by searching for the 
hybrid loop. 
(b) Identify interior convex form features (FF interior) by searching for 
the convex loop. 
(c) Identify interior concave form features (FFinterior) by searching 
for the concave loop. 


Step 5: Identify the detailed features and extract the related feature geometry 
parameters: 
(a) Identify feature’s details (number of surfaces, surface type). 
(b) Identify the parameters of each feature: length (L), width (W), 
height (H), radius (R). 
(c) Identify the relative location of each feature due to the origin 
coordinates of the object. 


Step 6: Identify the detailed machining information for each feature and the 
designed part: 
(a) Identify the operation sequence of the designed part. 
(b) Identify the operation type, the machine, and the cutting tool for 
each feature. 
(c) Identify the tool approach/machining direction for each feature. 
(d) Identify the removed machining volume for each feature. 
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fe BseLAGDeRssees wpe 


Designed Part 


IGES File 


Run The Program 


Figure 10-2. Implementation procedure of the proposed methodology 
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10.3. ‘Illustrative Example 1 


The designed object as shown in Figure 10-3 consists of five solid 
primitives which are four blocks (prismatic raw material, slot, blind step, and 
through pocket) and one cylinder (through hole). After the part is created, 
its IGES file will be generated. By applying the proposed methodology, the 
results are shown in Tables 10-1 to 10-6. 


Feature 3 Feature 5 Feature 4 


Figure 10-3. Ilustrative example 1 
Step 1: Extract the geometry and topology entities for the designed object 


model from IGES file. 
Step 2: Extract topology entities in each basic surface and identify its type. 


Table 10-1. Extraction of vertices 


NO. _ Vertex Coordinates NO. Vertex Coordinates 
ID (X,Y,Z) ID (X,Y,Z) 
[1] (19,8,16) 18 [18] (25,0,16) 
2. [2] (19,8,0) 19 [19] (30,6, 16) 


3 [3] (11,8,16) 20 [20] (30,0,0) 
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Table 10-1, Extraction of vertices 


4 [4] (11,8,0) 21 [21] (30,16,0) 
5 [5] (25,13,8) 22 [22] (30,16,16) 
6 [6] (25,10,8) 23 [23] (7,16,11) 
7 [7] (20,13,8) 24 [24] (7,0,11) 
8 [8] (20,10,8) 25 [25] (2,16,11) 
9 [9] (20,10,16) 26 [26] (2,0,11) 
10 [10]  (25,10,16) 27 [27] (2,16, 16) 
11 [11] (20,13,16) —-.28 [28] (2,0,16) 
12 [12] (25,13,16) 29 [29] (7,0,16) 
13 [13] (30,6,10) 30 [30] (7,16,16) 
14 [14] (30,0,10) 31 [31] (0,0,16) 
15 [15] (25,6,10) 32 [32] (0,0,0) 
16 [16] (25,0,10) 33 [33] (0,16, 16) 
17 17 (25,6, 16) 34 34 0,16,0 


Table 10-2. Extraction of edges (example 1) 


Coordinates 


Edge Edge =———_____________________ Length Concavity 

ID type Starting Terminate Center  /Radius 

oint ont 

{1] Line 1] {2] 16 Tangent 

[2] Cir. Are [3] [1] (15,8,16) 4 

[3] Line [4] [3] 16 Tangent 

[4] Cir. Are [2] [4] (15,8,0) 4 

{5] Line [5] [6] 3 Concave 

[6] Line [7] [5] 5 Concave 

[7] Line [8] [7] 3 Concave 

[8] Line [6] [8] 5 Concave 

[9] Line [9] [8] 8 Concave 
{10} Line [10] [9] 5 Convex 
{11] Line {10} [6] 8 Concave 
[12] Line [11] [7] 8 Concave 
[13] Line [9] [11] 3 Convex 
[14] Line [12] [5] 8 Concave 
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Table 10-2. Extraction of edges (example 1) (cont.) 


[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
(31] 
[32] 
[33] 
[35] 
[36] 
[37] 


Line 
Line 
Cir. Arc 
Cir. Arc 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 


[11] 
[12] 
[4] 
[1] 
[13] 
[15] 
[16] 
[14] 
[17] 
[18] 
[16] 
[19] 
[17] 
[14] 
[21] 
[22] 
[19] 
[23] 
[25] 
[24] 
[27] 
[28] 
[26] 
[29] 
[30] 
[23] 
[29] 
[31] 
[31] 
[20] 
[27] 
[33] 
[22] 


[12] 
[10] 
[2] 
[3] 
[14] 
[13] 
[15] 
[16] 
[15] 
[17] 
[18] 
[13] 
[19] 
[20] 
[20] 
[21] 
[22] 
[24] 
[23] 
[26] 
[25] 
[27] 
[28] 
[24] 
[29] 
[30] 
[18] 
[28] 
[32] 
[32] 
[33] 
[31] 
[30] 


(15,8,0) 
(15,8,16) 


MANDNNDNDA UN AHD ND fF FW MN 
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Convex 


Convex 


Convex 
Concave 
Concave 
Concave 
Concave 

Convex 

Convex 

Convex 

Convex 

Convex 

Convex 

Convex 

Convex 
Concave 

Convex 
Concave 

Convex 

Convex 

Convex 

Convex 

Convex 
Convex 

Convex 

Convex 

Convex 

Convex 

Convex 

Convex 

Convex 
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Table 10-2. Extraction of edges (example 1) (cont.) 


[49] Line [32] [34] 16 Convex 
{50] Line [34] [21] 30 Convex 
[51] Line [33] [34] 16 Convex 


Table 10-3. Extraction of loops (example 1) 
Loop Loop Loop Face 


ID type category ID Etec 0 
[1] External Hybrid [1] [1][2][3}[4] 
[2] External Concave [2] [S][6][7][8] 
{3] External Hybrid 13] [9]{10][11}[8] 
{4] External Hybrid [4] [12}{13][9][7] 
[5] External Hybrid [5] (14][15][12][6] 
[6] External Hybrid [6] (1 1J[16][14)[5] 
[7} External Concave [7] [1][17][3][18] 
[8] External Hybrid [8] [19][20][21][22] 
[9] External Hybrid [9] [23][24][25][21] 
[10] External Hybrid [10] [26][27}[23][20] 
[11] External Convex [11] (26][19][28][29][30][31] 
{12] External Hybrid [12] [32][33][34][35] 
[13] External Hybrid [13] [36][37][38][34] 
[14] External Hybrid [14] [39][40][41]{32] 
[25][42]{39][35] 
[15] External Convex [15] [38][43][43][44] 
[45][28][22] 
[16] External Convex [16] [37}[46][47][43 ] 
[17] External Convex [17] oe oI wn 
[18] Internal Convex [17] [10][13][15][16] 
[19] Internal Concave [17] [18]{2] 
[20] External Convex [18] [29][45][49][50] 
[21] Internal Concave [18] [4][17] 
[22] External Convex [19] [51][49][44][47] 
[23] External Convex [20] aE o 


{[51][46][36][33] 
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Table 10-4. Extraction of faces (example 1) 


Face Surface Normal Gonsavity of Loop 
ID Type Vector Loops ID 
[1] Surface of revolution Concave 1 [1} 
[2] Plane Surface (parameterized) (0,0,1) | Concave 1 [2] 
[3] Plane Surface (parameterized) (0,1,0) Concave 1 [3] 
[4] | Plane Surface (parameterized) (0,0-1) | Concave 1 [4] 
[5] Plane Surface (parameterized) (0,-1,0) Concave 1 [5] 
[6] Plane Surface (parameterized) (-1,0,0) Concave 1 [6] 
[7] Surface of revolution Concave 1 [7] 
[9] Piane Surface (parameterized) (1,0,0) Concave 1 [9] 

[10] Plane Surface (parameterized) (0,-1,0) Concave 1 [10] 

[11] Plane Surface (parameterized) (0,0,-1) Concave 1 [11] 

[12] Plane Surface (parameterized) (0,0,1) | Concave 1 [12] 

[13] Plane Surface (parameterized) (0,0,-1) Concave 1 [13] 

{14] Plane Surface (parameterized) (-1,0,0) Concave 1 [14] 

[15] Plane Surface (parameterized) (0,-1,0) | Convex 1 [15] 

[16] Plane Surface (parameterized) (0,0,1) | Convex 1 [16] 
[17] Plane Surface (parameterized) (0,0,1) | Convex 3 ve me 
[18] Plane Surface (parameterized) (0,0-1) Convex 2 [20][21] 
[19] Plane Surface (parameterized) (-1,0,0) | Convex 1 [2] 
[20] Plane Surface (parameterized) (0,1,0) Convex 1 [23] 


Step 3: Test the feature’s existence in the basic surface based on loops. 
Step 4: Identify feature type. 


Step 5: Identify the detailed features and extract the related feature geometry 
parameters. 
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Table 10-5, Extraction of features (example 1) 


Feat. Feature Faces Edges eeanea Feature Dimension 
ID___type ID ID ais name Lb WHR 
(11][18][20} z 
[I] prismatic [ASIf18](19] [29][30][37][40][44]  (32]=(0,0,0) Raw Material 30 16 16 

[45][47][49][501[51] 
[2] FEexterior [8][10]{9] (20][21[23] [16]=(25,0,10) Step Blind 6 6 5 
[3] FFexterior  (L3][12]{14] (34][[32] [26] =(2,0,11) Slot Through 16 5 5 
io. [S)(6]{7)[8] a 
[4] FFinter (314 ](51161(2] ovata) {8]=(20,10,8) Pocket Blind 8 5 3 
_ (1)(2](3)14) 
[5] FF interior (117) [1718] (15,80) Hole Through 16 4 


Step 6: Identify the detailed machining information for each feature and the 
designed part: 


Table 10-6. Machining information (example 1) 


Operation Feature Feature Operation 
sequence ID type type 
1 [3] Slot_Through Slotting Milling 
Z {2] Step_blind Shoulder_Milling 
3 [4] Pocket_Blind Pocket_Milling 
4 [5] Hole Through Drilling 


Table 10-6. Machining information (example 1) (cont.) 


Operation Feature Machine Cutting Tool Approach Removed 
sequence ID tool volume 
1 [3] Milling End milling cutter en 400.00 
Pe Side milling [-1,0,0] or 
2 [2] Milling paiise [0,1,0] 180.00 
3 [4] Milling End milling cutter [0,0,-1] 120.00 


4 [5] Drilling Twist drill [0,0,~1] 804.25 
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10.4 Illustrative Example 2 


The designed object as shown in Figure 10-4 consists of nine solid 
primitives which are six blocks (prismatic raw material, step through round 
corner, slot through round corner, pocket through round corner, slot blind 
round corner, and step blind round corner) and three cylinder (two through 
holes and one blind hole). After the part is created, its IGES file will be 
generated. By applying the proposed methodology, the results are shown in 
Tables 10-7 to 10-12. 


Feature 5 Feature 2 Feature 3 Feature 7 Feature 4 


Feature 8 


aww 


¥y 
ia 


Basic surfac 


“ee 


s-? . 
Sas 
~~ Feature 6 


Figure 10-4. Illustrative example 2 


Table 10-7. Extraction of vertices (example 2) 


No. Vertex Coordinates No, Vertex Coordinates 
ID (X,Y,Z) ID (X,Y,Z) 
1 [1] (45.88,9.12,32) 48 [48] (11.5,5,0) 
2 [2] (45.88,9.12,17) 49 [49] — (13.5,28,32) 
3 [3] (45,7,32) 50. [50] (13.5,28,0) 
4 [4] (45,7,17) 51 [51] (11.5,28,32) 
5 [5] (9.12,32,17.88) 52 [52] (11.5,28,0) 
6 [6] (9.12,0,17.88) 53 [53] (35,5,0) 
7 [7] (7,32,17) 54. [54] (35,5,32) 
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Table 10-7. Extraction of vertices (example 2) (cont.) 


8 
9 
10 


[8] 
[9 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
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(7,0,17) 
(24.12,32,22.88) 
(24.12,0,22.88) 
(22,32,22) 
(22,0,22) 
(15.88,0,22.88) 
(15.88,32,22.88) 
(18,0,22) 
(18,32,22) 
(50.88,26.12,32) 
(50.88,26.12,22) 
(50,24,32) 
(50,24,22) 
(50.88,17.88,32) 
(50.88,17.87,22) 
(53,17,32) 
(53,17,22) 
(37.12,14.12,32) 
(37.12,14.12,0) 
(35,15,32) 
(35,15,0) 
(28.88, 14.12,32) 
(28.88,14.12,0) 
(28,12,32) 
(28,12,0) 
(28.88,5.88,32) 
(28.88,5.88,0) 
(31,5,32) 
(31,5,0) 
(37.12,5.88,32) 
(37.12,5.88,0) 
(38,8,32) 
(38,8,0) 
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[55] 
[56] 
[57] 
[58] 
[59] 
[60] 
[61] 
[62] 
[63] 
[64] 
[65] 
[66] 
[67] 
[68] 
[69] 
[70] 
[71] 
[72] 
[73] 
[74] 
[75] 
[76] 
[77] 
[78] 
[79] 
[80] 
[81] 
[82] 
[83] 
[84] 
[85] 
[86] 
[87] 


(38,12,32) 
(38,12,0) 
(28,8,0) 
(28,8,32) 
(31,15,0) 
(31,15,32) 
(50,20,22) 
(50,20,32) 
(53,27,22) 
(53,27,32) 
(60,27,22) 
(60,27,32) 
(60,17,22) 
(60,17,32) 
(60,32,32) 
(25,32,32) 
(25,0,32) 
(45,0,32) 
(48,10,32) 
(60,10,32) 
(15,32,25) 
(15,0,25) 
(25,0,25) 
(25,32,25) 
(15,32,32) 
15,0,32) 
(10,0,32) 
(10,0,20) 
(0,0,17) 
(0,0,0) 
(60,0,0) 
(60,0,17) 
(45,0,17) 
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Table 10-7. Extraction of vertices (example 2) (cont.) 


41 [4d] (40,25,32) 88 [88] —_ (10,32,32) 
42 [42] (40,25,17) 89 —- [89] (10,32,0) 
43 [43] (30,25,32) 90 [90] (0,32,17) 
44 [44] (30,25,17) 91 [91] (48,10,17) 
45 [45] (13.5,5,32) 92 [92] (60,1017) 
46 —- [46] (13.5,5,0) 93 [93] (60,32,0) 
47 [47] (11.5,5,32) 94 [94] (0,32,0) 


Table 10-8. Extraction of edges (example 2) 


Coordinates 


Edse:* -B0ge: je Length Goncuvit 
ID type Starting Terminate Guiee /Radius y 
ont ont 
[1] Line [1] [2] 15 Tangent 
[2] Cir. Arc [1] [3] (48,7,32) 3 
[3] Line [3] [4] 15 Tangent 
[4] Cir. Arc [2] [4] (48,7,17) 3 
[5] Line [5] [6] 32 Tangent 
{6] Cir. Are [5] [7] (7,32,20) 5 
[7] Line [7] [8] 32 Tangent 
[8] Cir. Arc {8] [6] (7,0,20) 3 
[9] Line [9] [10] 32 Tangent 
[10] Cir.Are = [9] [11] (22,32,25) 3 
[11] Line [11] {12] 32 Tangent 
{12} Cir. Arc [12] [10] (22,0,25) 3 
[13] Line {13] [14] 32 Tangent 
[14] Cir. Are [13] [15] (18,0,25) 3 
[15] Line [15] [16] 32 Tangent 
[16] Cir. Arc [16] [14] (18,32,25) 3 
[17] Line [17] [18] 10 Tangent 
[18] Cir. Are [17] [19] (53,24,32) 3 
[19] Line [19] [20] 10 Tangent 
[20] Cir. Are [18] [20] (53,24,22) 3 
{21} Line [21] {22] 10 Tangent 


[22] Cir. Are [21] [23] (53,20,32) 3 
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Table 10-8. Extraction of edges (example 2)(cont.) 


[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 
[35] 
[36] 
[37] 
[38] 
[39] 
[40] 
[41] 
[42] 
[43] 
[44] 
[45] 
[46] 
[47] 
[48] 
[49] 
[50] 
[51] 
[52] 
[53] 
[54] 
[55] 


Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Cir. Arc 


[23] 
[22] 
[25] 
[25] 
[27] 
[28] 
[29] 
[29] 
[31] 
[32] 
[33] 
[33] 
[35] 
[36] 
[37] 
[37] 
[39] 
[40] 
[41] 
[43] 
[44] 
[44] 
[45] 
[47] 
[48] 
[46] 
[49] 
[51] 
[52] 
[50] 
[52] 
[49] 
[48] 


[24] 
[24] 
[26] 
[27] 
[28] 
[26] 
[30] 
[31] 
[32] 
[30] 
[34] 
[35] 
[36] 
[34] 
[38] 
[39] 
[40] 
[38] 
[42] 
[41] 
[43] 
[42] 
[46] 
[45] 
[47] 
[48] 
[50] 
[49] 
[51] 
[52] 
[50] 
[51] 
[46] 


(53,20,22) 


(35,12,32) 


(35,12,0) 


(31,12,32) 


(31,12,0) 


(31,8,32) 


(31,8,0) 


(35,8,32) 


(35,8,0) 


(35,25,32) 


(35,25,17) 


(12.5,5,32) 


(12.5,5,0) 


(12.5,28,32) 


(12.5,28,0) 


(12.5,28,0) 


(12.5,28,32) 
(12.5,5,0) 
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Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 
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Table 10-8, Extraction of edges (example 2)(cont.) 


[56] Cir. Arc [45] [47] (12.5,5,32) 1 

[57] Cir. Are [42] [44] (35,25,17) 5 

[58] Cir.Are [41] [43] (35,25,32) 5 

[59] Cir. Arc [38] [53] (35,8,0) 3 

[60] Line [53] [54] 32 Tangent 
(61) Cir. Arc [54] [37] (35,8,32) 3 

[62] Line [55] [39] 4 Convex 
{63] Line [56] [55] 32 Tangent 
[64] Line [40] [56] 4 Convex 
[65] Cir. Arc [34] [57] (31,8,0) 3 

[66] Line [57] [58 32 Tangent 
[67] Cir. Arc [58] [33] (31,8,32) 

[68] Line [36] [53] 4 Convex 
[69] Line [54] [35] 4 Convex 
[70] Cir. Arc [30] 59] (31,12,0) 3 

(71] Line [59] [60] 30 Tangent 
(72] Cir. Are [60] {29] (31,12,32) 3 

[73] Line [32] [57] 4 Convex 
[74] Line [58] [31] 4 Convex 
[75] Cir. Arc [26] [56] (35,12,0) 3 

[76] Cir.Arc [55] [25] (35, 12,32) 3 

{77] Line [28] [59] 4 Convex 
[78] Line [60] [27 4 Convex 
{79] Cir. Arc [61] [22] (53,20,22) 3 

[80] Line (61] [62] 10 Tangent 
(81] Cir. Arc [62] [21] (53,20,32) 3 

(82] Line [61] [20] 4 Concave 
[83] Line [62] [19] 4 Convex 
[84] Cir. Arc [63] [18] (53,24,22) 3 

[85] Line [63] [64] 10 Tangent 
[86] Cir. Arc [64] [17] (53,24,32) 

[87] Line [63] [65] 7 Concave 


[88] Line [66] [65] 10 Convex 
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Table 10-8. Extraction of edges (example 2)(cont.) 


[89] 
[90] 
[91] 
[92] 
[93] 
[94] 
[95] 
[96] 
[97] 
[98] 
[99] 
[100] 
[101] 
[102] 
[103] 
[104] 
[105] 
[106] 
[107] 
[108] 
[109] 
[110] 
[111] 
[112] 
[113] 
[114] 
[115} 
[116} 
[117] 
[118] 
[119] 
[120] 
[121] 


Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Cir. Arc 
Line 
Line 
Line 


Line 


[67] 
[67] 
[65] 
[68] 
[67} 
[66] 
[69] 
[70] 
[71] 
[72] 
[73] 
[73] 
[74] 
[14] 
[75] 
[76] 
[12] 
[16] 
[10] 
[77] 
[78] 
[79] 
[80] 
[76] 
[71] 
[78] 
[81] 
[81] 


[24] 
[24] 
[67] 
[23] 
[68] 
[69] 
[70] 
[71] 
[72] 
[3] 
[1] 
[74] 
[68] 
[75] 
[76] 
[13] 
[15] 
[11] 
[77] 
[78] 
[9] 
[75] 
[79] 
[80] 
[77] 
[70] 
[80] 
[82] 
[82] 
[83] 
[84] 
[84] 
[85] 


(48,7,32) 


(18,32,25) 


(18,0,25) 


(22,0,25) 


(22,32,25) 


(7,0,20) 


32 


32 
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Convex 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 


Convex 


Convex 


Tangent 


Convex 


Convex 


Tangent 


Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 


Convex 
Convex 
Convex 


Convex 
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Table 10-8. Extraction of edges (example 2)(cont.) 


[122] 
[123] 
[124] 
[125] 
[126] 
[127] 
[128] 
[129] 
[130] 
[131] 
[132] 
[133] 
[134] 
[135] 
[136] 
[137] 
[138] 
[139] 
[140] 
[141] 


Line 
Line 
Line 
Line 
Line 
Cir. Arc 
Line 
Line 
Line 
Cir. Arc 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 


Line 


[86] 
[87] 
[79] 
[88] 
[82] 
[89] 
[90] 
[83] 
[89] 
[91] 
[91] 
[91] 
[74] 
[92] 
[92] 
[93] 
[69] 
[84] 
[94] 
[90] 


[87] 
[72] 
[88] 
[81] 
[89] 
[5] 
[7] 
[90] 
[88] 
[2] 
[73] 
[92] 
[92] 
[86] 
[86] 
[85] 
[93] 
[94] 
[93] 
[94] 


(7,32,20) 3 


(48,7,17) 3 


Convex 
Convex 
Convex 
Convex 


Tangent 


Convex 
Convex 


Convex 


Tangent 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 


Table 10-9, Extraction of loops (example 2) 


Loop Loop 
ID type 
[1] External 
[2] External 
[3] External 
[4] External 
[5] External 
[6] External 
[7] External 
[8] External 

] 


Loop 
category 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 


Face 


ID 
[1] 


[8] 


Edge ID 


[1)(2 11314] 
(S](6]{71(8] 
[S}1OJ[11 E12] 
[13][14][15]{16] 
(17][18][19]{20] 
[21}[22][23][24] 
[25][26][27][28] 
[29][30][3 1][32] 
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Table 10-9. Extraction of loops (example 2) (cont.) 


[10] External Hybrid [10] (37][38][39][40] 
[11] External Hybrid [11] [419[42][43][44] 
[12] External Hybrid [12] [45][46][47][48] 
[13] External Hybrid [13] [49][50][51][52] 
[14] External Hybrid [14] [49][53][51][54] 
[15] External Hybrid [15] [45][55][47][56] 
[16] External Hybrid [16] [41][57][43][58] 
[17] External Hybrid [17] (57][44] 
[18] External Hybrid [18] (37][59][60][61] 
[19] External Hybrid [19] [39][62][63][64] 
[20] External Hybrid [20] [33][65][66][67] 
[21] External Hybrid [21] [60][68][35][69] 
[22] External Hybrid [22] [29][70][71][72] 
[23] External Hybrid [23] [66][73][31][74] 
[24] External Hybrid [24] [25][75][63][76] 
[25] External Hybrid [25] [71][77][27][78] 
[26] External Hybrid [26] [21][79][80][81] 
[27] External Hybrid [27] [80][82][19][83] 
[28] External Hybrid [28] [17][84][85][86] 
[29] External Hybrid [29] [85][87][88][89] 
0] extemal Hybrid 30) M*NDALSONSHIE 
[31] External Hybrid [31] [23][92][93][90] 
(92]f22][81][83][18] 


[32] External Hybrid [32] [86][89][94][95][96] 
[97][98][2]1[99][100}[ 101] 


[33] Internal Hybrid [32] [58][42] 
[69][34][67][74] 

[34] Internal Hybrid [32] [30][72][78][26] 
[76][62][38][61 ] 


[35] External Hybrid [33] [13}][102][103][104] 
[36] External Hybrid [34] [15][105][11}[106] 
[37] External Hybrid [35] [9][107][108}[109] 
[38] External Hybrid [36] — [103][110][111][112] 
[39] External Hybrid [37] [108][113][96][114] 
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Table 10-9. Extraction of loops (example 2) (cont.) 
{113][107][12]{105][14] 


140) Estemal Hybrid 38), {UOETAISTE NG) 
[121][122][123][97] 

[41] External Convex [39] — [111][124][125][115] 

[42] Internal Hybrid [39] [54][50] 

[43] Internal Hybrid [39] [56][46] 

[44] External Hybrid [40] (5][117][126][127] 

[45] External Hybrid [41] [7]{128][129]{ 118] 


[46] External Hybrid [42] — [126][116][125][130] 
[47] External Hybrid [43] [1][131][132][99] 
[48] External Hybrid [44]  [132][133][134][100] 


[49] External Hybrid [45] ac de 


[50] External Hybrid [46] [3][98][123][135] 


[93][101][134][136] 
[51] External Convex [47] [121][137][138][94] 
[88][91] 
[52] External Convex [48] [137][120][139][140] 
[53] Internal Hybrid [48] {52][53] 
[54] Internal Hybrid [48] [48][55] 
[68][59][40}[64][75] 
[55] Internal Hybrid [48] [28][77][70] 
[32][73][65}[36] 
[56] External Convex [49] {129][141][139][119] 
[114][95][138][140] 
: [141][128][6][127][130] 
[57] External Hybrid [50] [124][110][1027[16] 
[106][10][109] 


Table 10-10. Extraction of faces (example 2) 


Face Surface Normal Gsneaue Number of Loop 
ID type vector y loops ID 
[1] Surface of revolution Concave 1 [1] 
[2] Surface of revolution Concave 1 [2] 


[3] Surface of revolution Concave 1 [3] 
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Table 10-10. Extraction of faces (example 2) (cont.) 


[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 
[35] 


Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Plane Surface (parameterized) 


Plane Surface (parameterized) 
Plane Surface (parameterized) 


Surface of revolution 
Surface of revolution 


Surface of revolution 


(0,0,1) 


(- 1 ,0,0) 


(0,1,0) 


(1,0,0) 


(0,-1,0) 


(1,0,0) 


(0,-1,0) 


(0,0,1) 
(0,1,0) 


(0,0,1) 


Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 


Concave 
Concave 


Concave 
Concave 


Concave 


es Oo 


— 


[4] 

[5] 

[6] 

[7] 

[8] 

19] 

[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 

[32] [33] 

[34] 
[35] 
[36] 
[37] 
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Table 10-10. Extraction of faces (example 2) (cont.) 


[36] Plane Surface (parameterized) (1,0,0) Concave 1 [38] 
[37] Plane Surface (parameterized) (-1,0,0) Concave 1 [39] 
[38] Plane Surface (parameterized) (0,-1,0) Concave 1 [40] 
{39] Plane Surface (parameterized) (0,0,1) Concave 3 ee 
[40] Surface of revolution Concave 1 [44] 
[41] Plane Surface (parameterized) (0,0,1) | Concave 1 [45] 
[42] Plane Surface (parameterized) (-1,0,0) Concave 1 [46] 
[43] Surface of revolution Concave 1 {47] 
[44] Plane Surface (parameterized) (0,-1,0) Concave 1 [48] 
[45] Plane Surface (parameterized) (0,0,1) | Concave 1 [49] 
[46] Plane Surface (parameterized) (1,0,0) Concave 1 [50] 
[47] Plane Surface (parameterized) (0,0,-1) | Convex 1 [51] 
[48] Plane Surface (parameterized) (0,0,-1) | Convex 4 cae 
[49] Plane Surface (parameterized) (-1,0,0) | Convex 1 [56] 
[50] Plane Surface (parameterized) (0,1,0) | Concave 1 [57] 


Table 10-11, Manufacturing features (example 2) 


Feat, Face Badges ee 
[OPN yaa). M21L125]113]07) [84] = (0.0.0) 
[2] [12][15] a 
3] [13](14] tea “Waseko 
4) (U6]7) eee} 35:25,17) 
[5] [41][2][40]{42] [7][5][126] [6] = (9,0,17) 
MOR LIE ay asp 


[7] 7369133 ]141134] (103][13][15] 


[311351137] (iiyfoytiosy «E31 = 5.0.22) 
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Table 10-11. Manufacturing features (example 2) (cont.) 


[85][17][19] 
[8] [30][29][28][5] —— [80][21][23][87] 
[27][26][6][31}  [84][20][82][79] 
[24][90] 
[19JLIOJA8I21}[9] — [63]}[[39][37][60] 
[9] [20}[23][8][22] —_[35}[33] [66][31] [57] = (28,8,0) 
[25][7}[24] [29}[71][27][25] 


[61] = (50,20,22) 


Table 10-11. Manufacturing features (example 2) (cont.) 
Feat. 


ID Feature Dimension 
name ia ae a 

[1] Raw Material 60 32 32 

[2] Hole Through 32 «1 

[3] Hole_Through 32 1 

[4] Hole Blind 15 5 


[5] Step_Through (Round Corner) 32 10 12 3 
[6] Step_Blind (Round Corner) 15 10 15 3 


[7] Pocket_Through (Round Corner) 32 10 10 3 


[8] Slot_Through (Round Corner) 32 10 10 3 


[9] Slot_Blind (Round Corner) 10 10 10 3 


Table 10-12. Machining information (example 2) 


Operation Feature Feature Operation : 
Machine 
sequence ID type type 
Slot_Through : wep, “ike 
1 [7] (Round Comer) Slotting Milling Milling 
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Table 10-12. Machining information (example 2)(cont.) 


3 


Oo TAD A 


[5] 
[4] 
[6] 


[3] 
[2] 


[9] 


Step_ Through 
(Round Corner) 
Hole Blind 
Step Blind 
(Round Corner) 
Hole_Through 
Hole_Through 
Pocket_Through 
(Round Corner) 


Shoulder_Milling 
Drilling 
Shoulder_Milling 


Drilling 
Drilling 


Pocket_Milling 


Milling 
Drilling 
Milling 


Drilling 
Drilling 


Milling 


Table 10-12. Machining information (example 2) (cont.) 
Operation Feature 


sequence 


Corner Rounding 


1 
2 


CAYDD A HR W 


10.5 


ID 
[7] 
[8] 


[5] 
[4] 
[6] 


3] 
[2] 
[9] 


Illustrative Example 3 


Cutting 
tool 


Milling Cutter 
Corner Rounding 
Milling Cutter 
Corner Rounding 
Milling Cutter 
Twist Drill 
Corner Rounding 
Milling Cutter 
Twist Drill 
Twist Drill 


Tool approach 


[0,1,0] or [0,-1,0] 
[-1,0,0] 


[0,1,0] or [0,-1,0] 
[0,0,-1] 
[-1,0,0] or [0,1,0] 


{0,0,-1] 
[0,0,-1] 


Removed 
volume 


3076.39 


961.37 


3778.19 
1178.09 
2221.03 


100.53 
100.53 


23t 


The designed object as shown in Figures 10-5 and 10-6 consists of 17 
solid primitives which are 10 blocks (prismatic raw material, step blind 
round corner, three slots through, slot blind, slot blind round corner, pocket 
blind, pocket through, and pocket through round corner) and 7 cylinders 


(three through holes and four blind holes). 


After the part is created, its 


IGES file is generated. By applying the proposed methodology, the results 
are shown in Tables 10-13 to 10-19. 
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Feature 3 Feature 7 Feature 4 
Feature 5 


Feature [ |" Feature 14 


ix 
Feature [ ]" Feature 2 


Feature || 


Feature 6 


Figure 10-5. Illustrative example 3 (solid) 


Feature | 1 Feature 10 Feature 12 


Feature 9 


Feature 15 


Feature 13 


Figure 10-6. \\lustrative example 3 (wireframe) 


Table 10-13. Extraction of vertices (example 3) 


Coordinates 
NO. Vertex 


Oo Oo nN DMA fF WN 


NO NO NY NY NY NY NY NN NN HH] &— HR RHR SH SK SS SS eS 
0 FAWN nN BF WNYN SH ODO WANA DNA fF wWN KH OC 


W WwW 
- © 


Vertex 
ID 
[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 

[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
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Coordinates 
(X,Y,Z) 
(90,10,25) 
(90,10,0) 
(80,10,25) 
(80,10,0) 
(77.93,17.71,50) 
(77.93,17.71,25) 
(75,10,50) 
(75,10,25) 
(85.88,64.12,50) 
(85.88,64.12,30) 
(85,62,50) 
(85,62,30) 
(85.88,50.88,50) 
(85.88,50.88,30) 
(88,50,50) 
(88,50,30) 
(94.71,59.71,30) 
(94.71,59.71,0) 
(94,60,30) 
(94,60,0) 
(90.29,59.71,30) 
(90.29,59.71, 0) 
(90,59,30) 
(90,59,0) 
(90.29,55.29,30) 
(90.29,55.29,0) 
(91,55,30) 
(91,55,0) 
(94.71,55.29,30) 
(94.71,55.29,0) 
(95,56,30) 


68 
69 
70 
71 
72 
3 
74 
75 
16 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 


ID 
[68] 
[69] 
[70] 
[71] 
[72] 
[73] 
[74] 
[75] 
[76] 
[77] 
[78] 
[79] 
[80] 
[81] 
[82] 
[83] 
[84] 
[85] 
[86] 
[87] 
[88] 
[89] 
[90] 
[91] 
[92] 
[93] 
[94] 
[95] 
[96] 
[97] 
[98] 


(X,Y,Z) 
(70,50,43) 
(70,50,50) 
(77,50,50) 
(70,70,50) 
(77,70,50) 
(100,70,50) 
(0,70,0) 
(30,70,40) 
(30,70,40) 
(20,70,40) 
(20,70,30) 
(50,70,30) 
(50,70,40) 
(40,70,40) 
(40,70,50) 
(40,40,50) 
(100,40,50) 
(40,40,43) 
(100,40,43) 
(100,50,50) 
(85,53,50) 
(88,65,50) 
(100,65,50) 
(94,55,0) 
(94,55,30) 
(95,59,30) 
(95,59,0) 
(90,56,0) 
(90,56,30) 
(91,60,0) 
(91,60,30) 
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Table 10-13. Extraction of vertices (example 3)(cont.) 


30. (821 (95,56,0) 99 [99]  (85,53,30) 
3333] (69,50,50) 100 [100]  (88,65,30) 
34 [34] (69,50,45) 101 [101]  (100,65,30) 
35 [35] (61,50,50) 102 [102]  (100,50,30) 
36 [36] (61,50,45) 103 [103] — (3,5,50) 
37-37] (67,50,44) 104 [104] —(13,5,50) 
38 [38] (67,50,0) 105 [105] (3,25,50) 
39 [39] (63,50,44) 106 [106]  (13,25,50) 
40 -[40] (63,50,0) 107 [107]  (85,20,25) 
41 [4d] (74,40,46) 108 [108]  (85,20,50) 
42 [42] (74,50,46) 109 [109]  (100,20,25) 
43 [43] (72,40,46) 110 [110] (100,20, 50) 
44 [44] (72,50,46) 111 [111] (75,0,25) 


45 [45] — (8.93,14.34,35) 112 [112] (100,0,25) 
46 [46]  (8.93,14.34,0) 113 [113]  (75,0,50) 
47 [47] (6.93,14.34,35) 114 [114]  (100,30,43) 
48 [48]  (6.93,14.34,0) 115 [115]  (100,30,50) 
49 [49] —_(13.58,55,45) 116 [116] —_(100,0,0) 
50 [50] ~—s (13.58,55,39) 117 [117] (40,30,43) 
51 [51] (7.58,55,45) 118 [118]  (30,40,43) 
52 [52] (7.58,55,39) 119 [119]  (30,30,43) 
53 [53] (15.58,55,50) 120 [120]  (0,40,43) 
54. [54] —(15.58,55,45) 121 [121] —(0,30,43) 
55 [55] (5.58,55,50) 122 [122]  (40,30,50) 
56 [56] (5.58,55,45) 123 [123]  (30,30,50) 


57 [57] (0,40,50) 124 [124] (0,30,50) 
58 [58] (30,40,50) 125 [125]  (30,0,50) 
59 [59] (30,70,50) 126 [126]  (30,0,40) 
60 [60] (0,70,50) 127. [127] (0,0,50) 
61 [61] (13,25,35) 128 [128]  (40,0,40) 
62 [62] (13,5,35) 129 [129]  (40,0,50) 
63 [63] (3,25,35) 130 [130]  (20,0,40) 


64 [64] (3,5,35) 131 [131]  (50,0,40) 
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Table 10-13. Extraction of vertices (example 3)(cont.) 


65 ~— [65] (77,70,43) 132 [132]  (50,0,30) 
66 —- [66] (77,50,43) 133 [133] (20,030) 
67 [67] (70,70,43) 134 [134] (0,0,0) 


Table 10-14, Extraction of edges (example 3) 
Coordinates 


Edge Edge ——________——— Length Chacawi 
ID type Starting —_ Terminate Gani /Radius y 
point point 
[1] Line [1] [2] 25 Tangent 
[2] Cir. Arc [3] [1] (85,10,25) 5 
[3] Line [4] [3] 25 Tangent 
[4] Cir. Arc [2] [4] (85,10,0) 5 
[5] Line [5] [6] 25 Tangent 
[6] Cir. Are [5] [7] (85, 10,50) 10 
{7] Line [7] [8] 25 Tangent 
[8] Cir. Are [6] [8] (85,10,25) 10 
[9] Line [9] [10] 20 Tangent 
[10] Cir. Arc [9] [11] (88,62,50) 3 
{11] Line {11] [12] 20 Tangent 
[12] Cir. Arc [10] [12] (88,62,30) 3 
[13] Line [13] [14] 20 Tangent 
[14] Cir. Arc [13] [15] (88,53,50) 3 
[15] Line [15] [16] 20 Tangent 
[16] Cir. Are [14] [16] (88,53,30) 3 
[17] Line [17] [18] 30 Tangent 
[18] Cir. Arc [17] [19] (94,59,30) 1 
[19] Line [19] [20] 30 Tangent 
[20] Cir. Arc [20] [18] (94,59,0) 1 
[21] Line [21] [22] 30 Tangent 
[22] Cir. Are [21] [23] (91,59,30) 1 
[23] Line [23] [24] 30 Tangent 
[24] Cir. Arc [24] [22] (91,59,0) 1 


[25] Line [25] [26] 30 Tangent 
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Table 10-14. Extraction of edges (example 3)(cont.) 


[26] Cir. Arc [25] [27] (91,56,30) 1 
[27] Line [27] [28] 30 Tangent 
[28] Cir.Arc [28] [26] (91,56,0) 1 
[29] Line [29] [30] 30 Tangent 
{30] Cir. Arc [29] [31] (94,56,30) 1 
{31] Line [31] (32] 30 Tangent 
[32] Cir. Are {32] [30] (94,56,0) 1 
[33] Line [33] [34] 10 Tangent 
[34] Cir. Arc [35] [33] (73,40,46) 1 
[35] Line [36] [35] 10 Tangent 
[36] Cir. Arc [34] [36] (73,50,46) 1 
[37] Line [37] [38] 35 Tangent 
[38] Cir. Arc [37] [39] (7.9,14.34,35) 1 
[39] Line [40] [39] 35 Tangent 
[40] Cir. Arc [40] [38] (7.9,14.34,0) 1 
[41] Line [41] [42] 6 Tangent 
[42] Cir. Arc [43] [41] (10.6,55,45) 3 
[43] Line [44] [43] 6 Tangent 
{44] Cir. Are [44] [42] (10.6,55,39) 3 
[45] Line [45] [46] 5 Tangent 
[46] Cir. Arc [47] [45] (10.6,55,50) 5 
[47] Line [48] [47] 5 Tangent 
[48] Cir. Arc [48] [46] (10.6,55,45) 5 
[49] Line [49] [50] 5 Tangent 
[50] Cir. Are [51] [49] (60,48,50) 4 
[51] Line [52] [51] 5 Tangent 
[52] Cir. Arc [52] [50] (60,48,45) 4 
[53] Line {53] [54] 45 Tangent 
[54] Cir. Arc [55] [53] (60,48,45) 2 
[55] Line [56] [55] 45 Tangent 
[56] Cir. Arc [54] [56] (60,48,0) 2 
[57] Cir. Arc [56] [54] (60,48,0) 2 


[58] Cir. Are [53] [55] (60,48,45) 2 
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Table 10-14. Extraction of edges (example 3)(cont.) 


[59] 
[60] 
[61] 
[62] 
[63] 
[64] 
[65] 
[66] 
[67] 
[68] 
[69] 
[70] 
[71] 
[72] 
[73] 
[74] 
[75] 
[76] 
[77] 
[78] 
[79] 
[80] 
[81] 
[82] 
[83] 
[84] 
[85] 
[86] 
[87] 
[88] 
[89] 
[90] 
[91] 


Cir. Arc 
Cir. Arc 
Line 
Line 
Line 
Line 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Line 
Line 
Line 
Line 
Cir. Arc 
Cir. Arc 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 


Line 


[50] 
[49] 
[57] 
[58] 
[59] 
[60] 
[45] 
[46] 
[41] 
[42] 
[38] 
[39] 
[61] 
[63] 
[64] 
[62] 
[36] 
[33] 
[65] 
[67] 
[68] 
[66] 
[69] 
[70] 
[70] 
[71] 
[69] 
[72] 
[65] 
[73] 
[73] 
[75] 
[60] 


[52] 
[51] 
[58] 
[59] 
[60] 
[57] 
[47] 
[48] 
[43] 
[44] 
[40] 
[37] 
[62] 
[61] 
[63] 
[64] 
[34] 
[35] 
[66] 
[65] 
[67] 
[68] 
[68] 
[69] 
[66] 
[67] 
[71] 
{70] 
[72] 
[72] 
[74] 
[74] 
[75] 


(60,48,45) 
(60,48,50) 


(10.6,55,50) 
(10.6,55,45) 
(10.6,55,45) 
(10.6,55,39) 
(7.9,14.34,0) 
(7.9,14.34,35) 


(73,50,46) 
(73,40,46) 


243 


Convex 
Convex 
Convex 


Convex 


Concave 
Concave 
Concave 


Concave 


Concave 
Convex 
Concave 
Concave 
Concave 
Convex 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 
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Table 10-14. Extraction of edges (example 3)(cont.) 


[92] 

[93] 

[94] 

[95] 

[96] 

[97] 

[98] 

[99] 

[100] 
[101] 
[102] 
[103] 
[104] 
[105] 
[106] 
[107] 
[108] 
[109] 
[110] 
flit] 
[112] 
[113] 
[114] 
[115] 
[116] 
[117] 
[118] 
[119] 
[120] 
[121] 
[122] 
[123] 
[124] 


Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Cir. Are 
Line 
Cir. Are 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Line 
Cir. Arc 


Line 


[59] 
[76] 
[77] 
[78] 
[79] 
[80] 
[81] 
[71] 
[83] 
[85] 
[85] 
[84] 
[82] 
[84] 
[87] 
[88] 
[88] 
[89] 
[89] 
[90] 
[30] 
[91] 
[92] 
[93] 
[94] 
[32] 
[26] 
[95] 
[96] 
[28] 
[92] 
[22] 
[97] 


[76] 
[77] 
[78] 
[79] 
[80] 
[81] 
[82] 
[82] 
[84] 
[83] 
[86] 
[86] 
[83] 
[87] 
[15] 
[13] 
[11] 
[9] 
[90] 
[73] 
[91] 
[92] 
[29] 
[31] 
[93] 
[94] 
[95] 
[96] 
[25] 
[91] 
[27] 
[97] 
[98] 


(88,53,50) 


(88,62,50) 


(94,65,0) 


(94,56,30) 


(91,56,0) 


(91,56,30) 


(91,59,0) 


Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Concave 
Convex 
Convex 
Convex 


Convex 


Convex 


Convex 


Convex 
Tangent 
Convex 
Tangent 
Convex 


Tangent 


Convex 


Convex 


Tangent 
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Table 10-14. Extraction of edges (example 3)(cont.) 


[125] 
[126] 
[127] 
[128] 
[129] 
[130] 
[131] 
[132] 
[133] 
[134] 
[135] 
[136] 
[137] 
[138] 
[139] 
[140] 
[141] 
[142] 
[143] 
[144] 
[145] 
[146] 
[147] 
[148] 
[149] 
[150] 
[151] 
[152] 
[153] 
[154] 
[155] 


[156] 
[157] 


Cir. Arc 
Line 
Line 
Cir. Arc 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Line 
Line 
Cir. Arc 
Cir. Arc 


[98] 
[24] 
[96] 
[18] 
[93] 
[20] 
[98] 
[99] 
[99] 
[99] 
[100] 
[100] 
[100] 
[90] 
[102] 
[101] 
[102] 
[103] 
[104] 
[104] 
[105] 
[103] 
[106] 
[105] 
[106] 
[107] 
[107] 
[108] 
[107] 
[110] 
[108] 
[4] 
{1] 


[21] 
[95] 
[23] 
[94] 
[17] 
[97] 
[19] 
[14] 
[88] 
[12] 
[10] 
[89] 
[101] 
[101] 
[16] 
[102] 
[87] 
[64] 
[103] 
[62] 
[63] 
[105] 
[61] 
[106] 
[104] 
[6] 
[108] 
[5] 
[109] 
[109] 
[110] 
[2] 
[3] 


(91,59,30) 


(94,59,0) 
(94,59,30) 


(88,53,30) 


(88,62,30) 


(85,10,25) 


(85,10,50) 


(85,10,0) 
(85,10,25) 


10.90 
25 
10.90 
15 
25 
15 


mA) 


5 
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Convex 


Convex 


Convex 


Convex 


Tangent 


Concave 


Tangent 
Concave 
Convex 
Concave 
Convex 
Convex 
Concave 
Convex 
Concave 
Concave 
Convex 
Concave 
Convex 


Convex 
Tangent 
Concave 


Convex 


Convex 
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Table 10-14. Extraction of edges (example 3)(cont.) 


[158] 
[159] 
[160] 
[161] 
[162] 
[163] 
[164] 
[165] 
[166] 
[167] 
[168] 
[169] 
[170] 
[171] 
[172] 
[173] 
[174] 
[175] 
[176] 
[177] 
[178] 
[179] 
[180] 
[181] 
[182] 
[183] 
[184] 
[185] 
[186] 
[187] 
[188] 


[189] 
[190] 


Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 


Line 


[111] 
[112] 
[109] 
[113] 
[111] 
[86] 
[114] 
[110] 
[112] 
[74] 
[117] 
[114] 
[118] 
[120] 
[121] 
[119] 
[122] 
[115] 
[119] 
[124] 
[123] 
[58] 
[120] 
[125] 
[126] 
[126] 
[124] 
[127] 
[81] 
[129] 
[122] 
[130] 
[77] 
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[8] 
[111] 
[112] 

[7] 
[113] 
[114] 
[115] 
[115] 
[116] 
[116] 

[85] 
[117] 
[119] 
[118] 
[120] 
[121] 
[117] 
[122] 
[123] 
[121] 
[124] 
[118] 
[57] 
[123] 
[125] 
[76] 
[127] 
[125] 
[128] 
[128] 
[129] 
[126] 
[130] 


Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 

Concave 
Convex 

Concave 
Convex 

Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Concave 
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Table 10-14, Extraction of edges (example 3)(cont.) 


[191] 
[192] 
[193] 
[194] 
[195] 
[196] 
[197] 
[198] 
[199] 
[200] 
[201] 


Line [131] 
Line [128] 
Line [79] 
Line [133] 
Line [132] 
Line [133] 
Line [131] 
Line [129] 
Line [127] 
Line [116] 
Line [134] 


[80] 
[131] 
[132] 

[78] 
[133] 
[130] 
[132] 
[113] 
[134] 
[134] 

[75] 
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Concave 
Convex 
Concave 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 


Table 10-15. Extraction of loops (example 3) 


Loop 
ID 
(1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 

[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 


Loop 
type 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 


Loop 
category 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 


Face 
ID 
[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 

[10] 

[11] 

[12] 

[13] 

[14] 

[15] 

[16] 

[17] 


Edge ID 


[1)(2)(3 114] 
[5][6}(7]8] 
[9}(10][11)[12} 
[13}f14][15}[16) 
[17][18][19][20] 
[21}{22][23][24] 
[25}{26][27][28] 
[29}[30][3 1][32] 
(33][341[35][36] 
(37][38}[39][40] 
[41][42][43][44] 
[45}[46][47][48] 
[49}[50][51}[52] 
[53][54][55][56] 
[53][57][55][58] 
[49]{59][5 1][60] 
[59][52] 
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Table 10-15. Extraction of loops (example 3) (cont.) 


[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 


Internal 
External 
Internal 
External 
External 
Internal 
External 
External 
External 
External 
Internal 
External 
External 
External 
Internal 
External 
External 


External 


External 
Internal 


External 


Internal 
External 
External 
External 
External 
External 
External 
External 
External 


Hybrid 
Convex 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Concave 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 


Convex 


Hybrid 
Hybrid 


Hybrid 


Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 


[17] 
[18] 
[18] 
[19] 
[20] 
[20] 
[21] 
[22] 
[23] 
[24] 
[24] 
[25] 
[26] 


[27] 


[27] 
[28] 
[29] 


[30] 


[31] 
[31] 


[32] 


[32] 
[33] 
[34] 
[35] 
[36] 
[37] 
[38] 
[39] 
[40] 


[58][54] 
[61][62][63][64] 
[65][46] 
[45][66][47][65] 
[66][48] 
[67][42] 
[41][68][43][67] 
[68][44] 
[37][69}[39][70] 

[71 [7211731174] 
(70][38] 
[33][75][35][76] 
[77][78][79][80] 
[81][82][83][80] 
(36][75] 
[84][85][81][79] 
[83][86][87][77] 
[84][78][87][88][89][90][91][63] 
[92][93][94] 
[95][96][97][98][99] 
[100][101}[102][ 103] 
[76][34] 
[85}][99][104}[100][105] 
[106][14][107][108][10][109] 
[110][111][88][86][82] 
[60][50] 
(29][112][113]f114] 
[31][115][116]{117] 
[25][118][119][120] 
(113][121]{27][122] 
[21][123][124][125] 
[119][126}[23][127] 
[17][128][1 16][129] 
(124}[130][19}[131] 


Computer-Based Design and Manufacturing 


Table 10-15. Extraction of loops (example 3) (cont.) 


[48] 
[49] 
[50] 
[51] 


[52] 


[53] 


[54] 
[55] 
[56] 
[57] 
[58] 
[59] 
[60] 
[61] 
[62] 
[63] 
[64] 


[65] 


[66] 
[67] 
[68] 
[69] 
[70] 
[71] 
[72] 
[73] 
[74] 
[75] 


External 
External 
External 
External 


External 


Internal 


External 
External 
External 
External 
External 
External 
External 
External 
External 
Internal 
External 


External 


External 
External 
External 
External 
External 


External 


External 
Internal 


External 


External 


Hybrid 
Hybrid 
Hybrid 
Hybrid 


Hybrid 
Hybrid 


Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Convex 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 


Convex 


Convex 
Convex 


Convex 


Hybrid 


[41] 
[42] 
[43] 
[44] 


[45] 


[45] 


[46] 
[47] 
[48] 
[49] 
[50] 
[51] 
[52] 
[53] 
[54] 
[54] 
[55] 


[56] 


[57] 
[58] 
[59] 
[60] 
[61] 
[62] 
[63] 
[63] 
[64] 
[65] 


[13][132][133][107] 
(133][134][11][108] 
[9][135][136][109] 
[136][137][138][110] 
[132][16][139][140][ 137] 
(135][12][134] 
[122][26][120}[127][22] 
[125] 131][18][129][1 15] 
[30][114] 
[15][106][141][139] 
[142][143}[144][74] 
[145][146}[142][73] 
[147][148][145]{72] 
[144][149][147][71] 
[5}[150}[151][152] 
[151]{153][154]{155] 
[1][156][3][157] 
[150][8][158]{159][160][153] 
[157] [2] 
(7][161][162][158] 
[141][105][103][163][ 164] 
[165][154][160][166][ 167] 
[89][111][138][140] 
[102][168][169][ 163] 
[170][171][172]{173] 
[174]f175][164]{169] 
[176]f173][177][178] 
[179][61][180][171] 
[179][170][176][181] 
[182][183][92][62] 
[178][184][185][181] 
[143][146][148][149] 
[174][168][101][104}[98] 
[186][187][188] 
[183][189][190][93] 
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[76] External Hybrid _ [66] [186][97][191][192] 
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Table 10-15. Extraction of loops (example 3) (cont.) 


[77] External Hybrid [67] [193][95][194][195] 
[78] External Hybrid [68] [94][190][196][194] 
[79] External Hybrid [69] [197][191][96][ 193] 


[162][198][187}[192][ 197] 
[80] External Convex [70] [195][196][189][182][185] 


[199][200}[166][159] 
(81) extemal vybrid cry (7550065)17517188)198 
[82] External Convex [72] [167][200][201][90} 
[83] Internal Hybrid [72] [56][57] 
[84] Internal Hybrid [72] [69][40] 


[121] 112][32][117][128][20] 


[85] Internal, Hybrid [72] 39971 239[24][1261f118][28] 

[86] Internal Hybrid [72] [4][156] 
[180][64][91][201] 

[87] External Convex [73] [199][184][177)[172} 


Table 10-16. Extraction of faces (example 3) 


Number 


SS See ae 
[1] Surface of revolution Concave 1 [1] 
[2] Surface of revolution Concave 1 [2] 
[3] Surface of revolution Concave 1 [3] 
[4] Surface of revolution Concave 1 [4] 
[5] Surface of revolution Concave 1 [5] 
[6] Surface of revolution Concave 1 [6] 
[7] Surface of revolution Concave 1 [7] 
[8] Surface of revolution Concave 1 [8] 
[9] Surface of revolution Concave 1 [9] 
[10] Surface of revolution Concave 1 [10] 
[11] Surface of revolution Concave 1 [11] 
[12] Surface of revolution Concave 1 [12] 
[13] Surface of revolution Concave 1 [13] 
[14] Surface of revolution Concave 1 [14] 
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Table 10-16. Extraction of faces (example 3) (cont.) 


[15] Surface of revolution Concave 1 [15] 

[16] Surface of revolution Concave 1 [16] 
Plane Surface 

[17] (caraineterized) (0,0,1) | Concave 2 [17][18] 

[18] ana A (0,0,1) Convex 2 [19][20] 

[19] Surface of revolution Concave 1 (21] 
Plane Surface 

[20] (parameterized) (0,0,1) Concave 2 [22][23] 

{21] Surface of revolution Concave 1 [24] 
Plane Surface 

[22] . (0,0,1) Concave 1 [25] 
(parameterized) 

[23] Surface of revolution Concave 1 [26] 
Plane Surface 

[24] (parameterized) (0,0,1) Concave 2 [27][28] 

[25] Surface of revolution Concave 1 [29] 
Plane Surface 

[26] (parameterized) (0,0,1) Concave 1 [30] 
Plane Surface 

[27] (parameterized) (0,1,0) Concave 2 (3 1][32] 

[28] Surface of revolution Concave 1 [33] 
Plane Surface 

[29] (parameterized) (-1,0,0) | Concave 1 [34] 
Plane Surface 

[30] (parameterized) (0,1,0) Convex 1 [35] 
Plane Surface 

34.“ paramnotetized) (0,-1,0) | Concave 2 [36][37] 

[32] ae — 4) (0,0,1) Concave 2 (38][39] 

[33] Surface of revolution Concave 1 [40] 
Plane Surface 

[34] (parameterized) (-1,0,0) Convex 1 [41] 

[35] Surface of revolution Concave 1 [42] 
Plane Surface 

[36] (parameterized) (0,1,0) | Convex 1 [43] 

[37] Surface of revolution Concave 1 [44] 
Plane Surface 

[38] (parameterized) (1,0,0) Convex 1 (45] 

[39] Surface of revolution Concave 1 [46] 


EN ee oe . (0,-1,0) Convex 1 [47] 
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Table 10-16. Extraction of faces (example 3) (cont.) 


[41] Surface of revolution Concave 1 [48] 
[42] ete syne d) (1,0,0) Concave 1 [49] 
[43] Surface of revolution Concave 1 [50] 
[44] eae coisa 4) (0,-1,0) | Concave 1 [51] 
[45] jest 4) (0,01) Concave 2 [52][53] 
[46] Pcie a (0,10) Concave [54] 
[47] ee 4) (0,1,0) Concave [55] 
[48] eat pee’ d) (1,0,0) Concave I [56] 
[49] pels ae 4) (0,-1,0) | Concave 1 [57] 
[50] jain sei d) (-1,0,0) | Concave 1 [58] 
[51] Surface of revolution Concave 1 [59] 
[52] jas is (0,-1,0) Concave [60] 
[53] Surface of revolution Concave 1 [61] 
oh eee (0,0,1) Concave 2 [62]163] 
[55] eee 4) (1,0,0) Concave 1 [64] 
[56] ees 4) (1,0,0) Convex 1 [65] 
[57] aa a d) (0,0,1) | Concave 1 [66] 
cae near (0,0,1) Concave [67] 
[59] ee eae (0,1,0) Concave 1 [68] 
[60] aes . pee 4) (0,1,0) | Concave 1 [69] 
[61] oe = ee d) (0,1,0) Concave 1 [70] 
fl eee) (1,00) Convex [71] 
[63] eas (0,0,1) Convex 2 [72][73] 
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Table 10-16. Extraction of faces (example 3) (cont.) 
Plane Surface 


[65] (parameterized) (0,0,-1) | Concave 1 [75] 
[66] pain (0,0,-1) | Concave 1 76] 
ce aan (0,0,1) | Concave 1 77] 
oe henbeas, (1,0,0) | Concave 1 [78] 
[69] ee (-1,0,0) | Concave 1 [79] 
[70] ea (0,-1,0) | Convex 1 [80] 
71] Gaeta (0,0,1) | Concave 1 [81] 
(I anced (0,0-1) Convex e283 )84) 
[73] Plane Surface er ee ; 


(parameterized) 


Table 10-17. Manufacturing features (example 3) 


Feat. Feature Faces Edges 
ID name ID ID 
[1] Raw Material 
[2]  Slot_ Through [31][57][59] [102][169] 
[3]  Slot_ Through [60}[58][61] [173][171] 
[4]  Slot_Blind [26}[29][27][28] (77][80][79][83][81] 
[5] | Pocket_Blind [47][48][49][50][24] aa 
[6] Hole Through [1][53] [1J[2][3](41[1 56][ 157] 
[7] Hole Through [9][25] (33][34][35][361[75][76] 
[8] Hole Through [10][23] [37][38][39][40][69][{70] 
[9] Hole Through [14][15] [53][54][55][56][57][58] 
[10] Hole Blind [11][21][22] [41][42][43][44][68][67] 
[11] Hole Blind [12][19][20] [45][46][47][48][66][65] 
[12] Hole Blind [13][16][17] [49][50][51][52][59][60] 
Step_Blind 
[13] Aecund Garis [52][51][2][55][54] [151}{5][7][158][153] 
[136][9][11][133][13] 
Slot_Blind 
[14] = [45][441[43 ][31[421[4 111411461 (15][137][135][12] 
COU orice) [134][132][16][139] 
[116][31][29][113] 
Pocket _Through — [34][8][33][36][7][35][38][6] 
[3] @ound Comer) [37][401[5](39] SA 
[]' Pocket_Through [65[68][67][69][66] [190][194][193][191] 
[]°  Slot_Through [30][64] [93][186] 
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Table 10-17. Manufacturing features (example 3) (cont.) 
Feat. 


ID 


a 
(21 
[3] 
(41 
(5] 
(6) 
(71 
[8] 
(9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
(y 
U1 


Location 
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Dimension 


L W H R 


[134] = (0,0,0) 100 70 50 
[117] = (40,30,43) 60 10 7 
[121] =(0,30,43) 30 10 7 
[68] =(70,50,43) 20 7 7 

[64] = (3,5,35) 15 20 10 


(85,10,0) 25 5 
(73,40,46) 10 1 
(7.93,14.34,0) 35 1 
(60,48,0) 45 2 
(10.58,55,39) 6.3 
(10.58,55,45) 5 5 
(60,48,45) 5 4 
(6]=(77.93,17.7,25) 25 21 26 10 
(14]=(85.88,50.88,30) 20 15 15 3 
[26]=(90.3,55.3,0) 30 5 5 1 


[133]=(20,0,30) 


70 30 10 


[126=(30,0,40) 70 10 10 


Table 10-18. Manufacturing features after merging and concatenation 


(example 3) 


No. 


Oe N MB WwW LN 


— 
oS 


Feat. 


[2}(3] 


[9}+{12] 
[10}+[11] 


ID 


[1] 


[4] 
[5] 
[6] 
[7] 
[8] 


13] 


Feature 
name 


Raw Material 


Slot_Through 


Slot_ Blind 
Pocket_Blind 
Hole_Through 
Hole_ Through 
Hole_Through 
Counter Bore_Through 
Counter Bore_Blind 
Step_Blind 


Location 
[134] = (0,0,0) 


[121] = (0,30,43) 


[68] = (70,50,43) 
[64] = (3,5,35) 
(85,10,0) 
(73,40,46) 
(7.93,14.34,0) 
(60,48,0) 
(10.58,55,39) 


(77.9,17.7,25) 


[ (Round Corner) 


Computer-Based Design and Manufacturing 255 


Table 10-18. Manufacturing features after merging and concatenation 


(example 3) (cont.) 
Slot_Blind 
11 [14] (Round Corner) (85.9,50.9,30) 
Pocket_ Through 
12 [15] (Round Comer) (90.9,55.3,0) 


Table 10-18. Manufacturing features after merging and concatenation 
(example 3) (cont.) 


Feat. Dimension 
No. — _§_§___—. 
ID L W H R HR HW 
1 [1] 100 70 50 
2 [2]}+[3] 100 10 7 
3 [4] 20 7 #7 
4 [5] 15 20 10 
5 [6] 25-5 
6 [7] 10 1 
7 [8] 35 1 
8  [9]+[12] 50 2 45 4 § 
9 [10}4{11] th 35-6 5: 5 
10 [13] 25 21 26 10 
11 [14] 20 15 15 3 
12 [15] 30 5 5 1 
13. [T+ 70 30 20 10 10 


Table 10-19. Machining information (example 3) 


Operation Feature Feature Operation 
sequence ID type type 

1 [7] Hole_Through Drilling 

2 [4] Slot_Blind Slotting Milling 

3 [2]+[3] Slot_Through Slotting_Milling 

4 [10]+{11] | Counter Bore Blind Counter Boring Drilling 

5 [5] Pocket_Blind Pocket_Milling 

6 fy)" T_Slot T Slot_Milling 

7 [14] ates Slotting_Milling 

8 [13] Piss peas Shoulder Milling 


9 [6] Hole Through Drilling 
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Table 10-19. Machining information (example 3)(cont.) 


10 
1] 


12 


[8] 


[9}+112] 


[15] 


Hole_Through 


Drilling 


Counter Bore Through Counter Boring Drilling 
Pocket_ Milling 


Pocket_Through 
(Round Corner) 


Table 10-19. Machining information (example 3)(cont.) 


Operation ; Cutting Tool Removed 
Machine 
sequence tool approach volume 
1 Drilling Twist Drill [0,0,-1] 31.41 
2 Milling End Milling Cutter [0,-1,0] 980.00 
3 Milling End Milling Cutter coor 6300.00 
4 Delling, OMe a Por [0,0,-1] 562.35 
5 Milling End Milling Cutter [0,0,-1] 3000.00 
6 Milling _T Slot Milling Cutter ioe 28000.00 
mes Corner Rounding Milling 
7 Milling Gites [-1,0,0] 4422.74 
aes Corner Rounding Milling —_[-1,0,0] or 
8 Milling Cue [0,1,0] 12900.12 
9 Drilling Twist Drill [0,0,-1] 1963.49 
10 Drilling Twist Drill [0,0,-1] 109.96 
FT Dale Sot Sans por [0,0,-1] 815.81 
Are Corner Rounding Milling 
12 Milling Cie [0,0,-1] 724.25 
10.6 ‘Illustrative Example 4 


The designed object as shown in Figures 10-7 and 10-8 consists of 20 
solid primitives which are six blocks (prismatic raw material, step through, 
three slots through, and pocket blind round corner), seven cylinders (two 


through holes and five blind holes), and seven cones. 
created, its IGES file will be generated. 


methodology, the results are shown in Tables 10-20 to 10-26. 


After the part is 
By applying the proposed 


Feature | 


kL” 


Feature 6 


Feature 9 


Feature 12 


Feature 7 


Computer-Based Design and Manufacturing 


Feature 4 Feature 3 Feature 14 


Figure 10-7. \\lustrative example 4 (solid) 


Feature 16 Feature 17 Feature 18 Feature 13 


Figure 10-8. \\lustrative example 4 (wireframe) 
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Feature 5 


Feature 2 


Feature 20 


Feature |] 


Feature 19 


Feature 2] 


Feature 10 
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Table 10-20. Extraction of vertices (example 4) 


ee Vertex Coordinates 0: Vertex Coordinates 
ID (X,Y,Z) ID (X,Y,Z) 
1 [1] (33,35,30) 56 [56] (50.29,54.71,60) 
2 {2] (33,35,0) 57 [57] (50.29,54.71,50) 
3 [3] (27,35,30) 58 [58] (50,54,60) 
4 [4] (27,35,0) 59 [59] (50,54,50) 
5 [5] (10.5,10,60) 60 [60] (50.29,40.29,60) 
6 [6] (10.5,10,55) 61 [61] (50.29,40.29,50) 
7 [7] (4.5,10,60) 62 [62] (51,40,60) 
8 [8] (4.5,10,55) 63 [63] (51,40,50) 
9 [9] (9,10,55) 64 [64] (69.71,40.29,60) 
10 [10] (9,10,45) 65 [65] (69.71,40.29,50) 
11 [11] (6,10,55) 66 [66] (70,41,60) 
12 [12] (6,10,45) 67 [67] (70,41,50) 
13 [13] (7.5,11.5,45) 68 [68] (69,40,50) 
14 [14] (7.5,8.5,45) 69 [69] (69,40,60) 
15 [15] (7.5,10,40) 70 [70] (70,54,50) 
16 [16] (7.5,31.5,55) 71 [71] (51,55,50) 
17 [17] (7.5,33,60) 72 [72] (50,41,50) 
18 [18] (9,30,55) 73 [73] (70,54,60) 
19 [19] (7.5,28.5,55) 74 [74] (50,41,60) 
20 [20] (7.5,27,60) 75 [75] (51,55,60) 
21 [21] (9,30,45) 76 [76] (90,70,50) 
22 {22] (6,30,55) 71 {77] (90,20,50) 
23 [23] (6,30,45) 78 [78] (80,70,50) 
24 [24] (7.5,31.5,45) 79 [79] (80,20,50) 
25 [25] (7.5,28.5,45) 80 [80] (80,70,60) 
26 [26] (7.5,30,40) 81 [81] (80,20,60) 
27 [27] (7.5,51.5,55) 82 [82] (90,20,60) 
28 [28] (7.5,53,60) 83 [83] (90,70,60) 
29 [29] (7.5,48.5,55) 84 [84] (70,20,60) 
30 [30] (7.5,47,60) 85 [85] (70,20,0) 


31 [31] (7.5,51.5,35) 86 [86] (100,20,0) 
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Table 10-20. Extraction of vertices (example 4)(cont.) 


$2. [53] (7.5,48.5,35) 87 [87] (100,20,60) 
33 [33] (95,40.75,55) 88 [88] (45,70,60) 
34 [34] (95,41.5,60) 89 [89] (45,0,60) 
35 [35] (95.75,40,55) 90 [90] (70,0,60) 
36 [36] (95,39.25,55) 91 [91] (70,0,0) 
BF - (89) (95,38.5,60) 92 [92] (100,70,0) 
38s [38] (95.75,40,0) 93 (93] (100,70,60) 
39 [39] (94.25,40,55) 94 [94] (0,0,0) 
40‘ [40] (94.25,40,0) 95 [95] (0,70,0) 
41 [41] (60,48.25,45) 96 [96] (37,70,30) 
42 [42] (60,49,50) 97 [97] (37,0,30) 
43 [43] (60.75,47.5,45) 98 [98] (22,70,30) 
44 [44] (60,46.75,45) 99 [99] (22,0,30) 
45 [45] (60,46,50) 100 [100] (22,70,45) 
46 ~—- [46] (60.75,47.5,30) 101 [101] (22,0,45) 
47 [47] (59.25,47.5,45) 102 [102] (37,0,45) 
48 [48] (59.25,47.5,30) 103 [103] (37,70,45) 
49 [49] (60,48.25,30) 104 [104] (45,0,45) 
50 [50] (60,46.75,30) 105 [105] (15,0,45) 
51 [51] (60,47.5,25) 106 [106] (15,0,60) 
52 [52] (69.71,54.71,60) 107 [107] (0,0,60) 
53. [53] (69.71,54.71,50) 108 [108] (15,70,45) 
54 [54] (69,55,60) 109 [109] (45,70,45) 
55 [55] (69,55,50) 110 [110] (15,70,60) 
111 [111] (0,70,60) 


Table 10-2]. Extraction of edges (example 4) 


Edge Edge Coordinates Length ¢ ; 
ID e : : ; : /Radius ana 
typ Starting point Terminate point Center 
[1] Line [1] [2] 30 Tangent 
[2] Cir. Are [3] [1] (30,35,30) 3 


[3] Line [4] (3] 30 Tangent 
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Table 10-21, Extraction of edges (example 4) (cont.) 


[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 
[35] 
[36] 


Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 


Line 


[2] 
[5] 
[7] 
[8] 
[8] 
[9] 
[11] 
[12] 
[12] 
[13] 
[14] 
[15] 
[14] 
[16] 
[16] 
[18] 
[20] 
[17] 
[18] 
[22] 
[23] 
[23] 
[24] 
[25] 
[26] 
[25] 
[27] 
[27] 
[30] 
[28] 
[31] 
[31] 
[29] 


[4] 
[6] 
[5] 
[7] 
[6] 
[10] 
[9] 
[11] 
[13] 
[10] 
[15] 
[13] 
[12] 
[17] 
[18] 
[19] 
[19] 
[20] 
[21] 
[16] 
[22] 
[24] 
[21] 
[26] 
[24] 
[23] 
[28] 
[29] 
[29] 
[30] 
[27] 
[32] 
[32] 


(30,35,0) 


(7.5,10,60) 


(7.5,10,55) 


(7.5,10,55) 


(7.5,10,45) 


(7.5,10,45) 


(7.5,10,45) 


(7.5,30,55) 
(7.5,30,55) 


(7.5,30,60) 


(7.5,30,55) 


(7.5,30,45) 


(7.5,30,45) 


(7.5,30,45) 


(7.5,50,55) 


(7.5,50,60) 


(7.5,50,35) 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 
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Table 10-21. Extraction of edges (example 4)(cont.) 


[37] Line [33] [34] 

[38] Cir. Are [33] [35] (95,40,55) 
[39] Cir. Arc [35] [36] (95,40,55) 
[40] Line [37] [36] 

[41] Cir. Arc [34] [37] (95,40,60) 
[42] Line [35] [38] 

[43] Cir. Arc [39] [33] (95,40,55) 
[44] Line [40] [39] 

[45] Cir. Arc [38] [40] (95,40,0) 
[46] Line [41] [42] 

[47] Cir. Arc [41] [43] (60,47.5,45) 
[48] Cir. Arc [43] [44] (60,47.5,45) 
[49] Line [45] [44] 

[50] Cir, Arc [42] [45] (60,47.5,50) 
[51] Line [43] [46] 

[52] Cir. Are [47] [41] (60,47.5,45) 
[53] Line [48] [47] 

[54] Cir. Arc [48] [49] (60,47.5,30) 
[55] Cir. Are [49] [46] (60,47.5,30) 
[56] Line [50] [51] 

[57] Line [51] [49] 

[58] Cir. Arc [50] [48] (60,47.5,30) 
[59] Line [52] [53] 

[60] Cir. Arc [52] [54] (69,54,60) 
[61] Line [54] [55] 

[62] Cir. Are [53] [55] (69,54,50) 
[63] Line [56] [57] 

[64] Cir. Are [56] [58] (51,54,60) 
[65] Line [58] [59] 

[66] Cir. Arc [57] [59] (51,54,50) 
[67] Line [60] [61] 

[68] Cir. Arc [60] [62] (51,41,60) 


[69] Line [62] [63] 
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Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 


Tangent 
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Table 10-21. Extraction of edges (example 4)(cont.) 


[70] 
[71] 
[72] 
[73] 
[74] 
[75] 
[76] 
[77] 
[78] 
[79] 
[80] 
[81] 
[82] 
[83] 
[84] 
[85] 
[86] 
[87] 
[88] 
[89] 
[90] 
[91] 
[92] 
[93] 
[94] 
[95] 
[96] 
[97] 
[98] 
[99] 
[100] 
[101] 
[102] 


Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Cir. Arc 
Line 
Line 
Line 
Cir. Arc 
Line 
Line 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Line 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Cir. Arc 
Cir. Arc 


[61] 
[64] 
[64] 
[66] 
[65] 
[68] 
[68] 
[69] 
[70] 
[70] 
[71] 
[71] 
[72] 
[72] 
[68] 
[45] 
[73] 
[70] 
[72] 
[74] 
[74] 
[71] 
[75] 
[75] 
[73] 
[46] 
[44] 
[69] 
[40] 
[36] 
[37] 
[29] 
[32] 


[63] 
[65] 
[66] 
[67] 
[67] 
[65] 
[69] 
[64] 
[67] 
[53] 
[55] 
[57] 
[59] 
[61] 
[63] 
[42] 
[66] 
[73] 
[74] 
[60] 
[58] 
[75] 
[56] 
[54] 
[52] 
[50] 
[47] 
[62] 
[38] 
[39] 
[34] 
[27] 
[31] 


(51,41,50) 


(69,41,60) 


(69,41,50) 
(69,41,50) 


(69,41,60) 


(69,54,50) 


(51,54,50) 


(51,41,50) 


(60,47.5,50) 


(51,41,60) 


(51,54,60) 


(69,54,60) 
(60,47.5,30) 
(60,47.5,45) 


(95,40,0) 
(95,40,55) 
(95,40,60) 
(7.5,50,55) 
(7.5,50,35) 


1 


18 
1.5 


Tangent 


Tangent 


Tangent 


Concave 


Concave 


Concave 


Concave 


Convex 


Tangent 


Tangent 


Convex 


Tangent 


Convex 


Convex 
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Table 10-21. Extraction of edges (example 4)(cont.) 


[103] Cir. Arc [30] [28] (7.5,50,60) 
[104] Cir. Are [21] [25] (7.5,30,45) 
[105] Cir. Arc [19] [22] (7.5,30,55) 
[106] Cir. Arc [20] [17] (7.5,30,60) 
[107] Cir. Arc [10] [14] (7.5,10,45) 
[108] Cir. Arc [9] [11] (7.5,10,55) 
[109] Cir. Arc [6] [8] (7.5,10,55) 
[110] Cir. Arc [5] [7] (7.5,10,60) 
[111] Line [76] [77] 
[112] Line [78] [76] 
[113] Line [79] [78] 
[114] Line [77] [79] 
[115] Line [80] [78] 
[116] Line [81] [80] 
[117] Line [79] [81] 
[118] Line [82] (77] 
[119] Line [83] [82] 
[120] Line [76] [83] 
[121] Line [84] [81] 
[122] Line [84] [85] 
[123] Line [86] [85] 
[124] Line [87] [86] 
[125] Line [82] [87] 
[126] Line [80] [88] 
[127] Line [88] [89] 
[128] Line [89] [90] 
[129] Line [90] [84] 
[130] Line [91] [90] 
[131] Line [85] [91] 
[132] Line [92] [86] 
[133] Line [93] [92] 
[134] Line [87] [93] 


[135] Line [91] [94] 
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Concave 
Convex 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 
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Table 10-21. Extraction of edges (example 4)(cont.) 


[136] 
[137] 
[138] 
[139] 
[140] 
[141] 
[142] 
[143] 
[144] 
[145] 
[146] 
[147] 
[148] 
[149] 
[150] 
[151] 
[152] 
[153] 
[154] 
[155] 
[156] 
[157] 
[158] 
[159] 
[160] 
[161] 
[162] 
[163] 
[164] 
[165] 
[166] 


Line 
Line 
Cir. Arc 
Cir. Arc 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 
Line 


Line 


[94] 
{95] 
[4] 
[1] 
[96] 
[98] 
[99] 
[97] 
[100] 
[101] 
[99] 
[102] 
[103] 
[96] 
[89] 
[104] 
[101] 
[105] 
[107] 
[107] 
[108] 
[105] 
[109] 
[103] 
[110] 
[106] 
[109] 
[110] 
[111] 
[93] 
[111] 


[95] 
[92] 
[2] 
[3] 
[97] 
[96] 
[98] 
[99] 
[98] 
[100] 
[101] 
[97] 
[102] 
[103] 
[104] 
[102] 
[105] 
[106] 
[106] 
[94] 
[100] 
[108] 
[104] 
[109] 
[108] 
[110] 
[88] 
[111] 
[107] 
[83] 
[95] 


(30,35,0) 
(30,35,30) 


Convex 


Convex 


Concave 
Convex 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Concave 
Concave 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 
Convex 


Convex 


Table 10-22. Extraction of loops (example 4) 


Loop 
ID 


(1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 


Loop 
type 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 
External 


External 


External 
External 
External 
External 
External 
External 
External 
External 
External 


External 
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Loop 
category 


Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 
Hybrid 


Hybrid 


Hybrid 
Hybrid 
Hybrid 
Hybrid 


Face 
ID 


[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 


Edge ID 


[1 (21314) 
[5][6]{7]8} 

[9] [1O}{11}[12][13] 
(14][15](12][16] 
(17]{18](19][20][21] 
[22][18][23]{24][25][26] 
[27][28][25][29] 
[30]{3 1][32][33] 
[34][35][36][31] 
[37][38][39][40][41] 
[42][38][43][44][45] 
[46][47][48][49][50] 
[51}[47][52]153][54][55] 
[56]{57][54][58] 
[59][60}{61][62] 
[63][64][65][66] 
[67}[68][69][70] 
[71)[72]173]174] 
[71][75][76][77] 
[75]74][78](79}[62][80]{8 1] 
[66][82][83][70][84] 
[50][85] 
[73][86][87][78] 
[67][83][88][89] 
[88][82][65][90] 
[63](81][91][92] 
[91][80][61]{93] 
(59][791[871194] 
(56][95]{55][57] 
[51][95][58]{53][96}[48] 
[46][85][49][96][52] 
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Table 10-22. Extraction of loops (example 4)(cont.) 


[31] External Hybrid [30] (76][84][69][97} 
[32] External Hybrid [31] [42][98][44][99][39] 
[33] External Hybrid [32] [37][100][40][99][43] 
[34] External Hybrid [33] [34][101][36][102] 
(35] External Hybrid [34] [35][102] 

[36] External Hybrid [35] [30][103][32][101] 
[37] External Hybrid [36] [27]{104][26][28] 
[38] External Hybrid [37] [22}[104}[29][24][105][19} 
[39] External Hybrid [38] [17][106][20][105][23] 
[40] External Hybrid [39] [14][107][13)[15] 
[41] External Hybrid [40] [9][107][16]f1 1]{108] 
[42] External Hybrid [41] [5][109][7][110] 
[43] External Hybrid [42] [109]{8] 

[44] Internal Hybrid [42] [108][10] 

[45] External Hybrid [43] [1114p 12](1139(114] 
[46] External Hybrid [44] [115][116][117][113] 
[47] External Hybrid [45] [118][119][120][111] 
[48] External Hybrid [46] oasis es 
[49] External Convex [47] (I perce ee 


[97][68][89][90][64][92] 


[50] Internal Hybrid [47] [93][60][94][86][721f77] 


[51] External Hybrid [48] {122][129}[130]{131] 
{52] External Convex [49] {124][132}[133][134] 
[53] External Convex [50] aa ao 
[54] Internal Hybrid [50] [45][98] 

[55] Internal Hybrid [50] [4}[138] 

[56] External Hybrid [51] [1][138][3][139] 
[57] External Hybrid [52] [140][141][142][143] 
[58] Internal Hybrid [52] [139][2] 

[59] External Hybrid [53] [{144}[145][146][142] 
{60] External Hybrid [54] (147][148}[149]{140] 


[61] [130][128][150}[151][147] 


External Convex [55] (4431¢146][1521[153]{154][1551[135] 
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Table 10-22. Extraction of loops (example 4)(cont.) 


[62] External Hybrid [56] [145][156][157][152] 

[63] External Hybrid [57] [148][151][158][159] 

[64] External Hybrid [56] [7][161][162][158] 

[65] External Hybrid [59] [150][127][162][158] 

[66] External Convex [60] [161][163][164][154] 

[67] Internal Hybrid [60] {33][103] 

[68] Internal Hybrid [60] [21][106] 

[69] Internal Hybrid [60] [110][6] 

[70] External Hybrid [61] [119][125}[134][165] 

[71] Internal Hybrid [61] [41][100] 

[72] External Convex [62] [166][136}[155][164] 
[120][165][133][137] 

[166][163][160] 


[73] External Convex [63] (156][144][141]f149][159] 


[162][126][115][112] 


Table 10-23. Extraction of faces (example 4) 


Face Surface Normal Concavity ee Loop 
ID type vector fogs ID 
[1] Surface of revolution Concave 1 [1] 
[2] Surface of revolution Concave 1 [2] 
[3] Surface of revolution Concave 1 [3] 
[4] Surface of revolution Concave 1 [4] 
[5] Surface of revolution Concave 1 [5] 
[6] Surface of revolution Concave 1 [6] 
[7] Surface of revolution Concave 1 [7] 
[8] Surface of revolution Concave 1 {8] 
[9] Surface of revolution Concave 1 [9] 

[10] Surface of revolution Concave 1 [10] 

[11] Surface of revolution Concave 1 [11] 

[12] Surface of revolution Concave 1 [12] 

[13] Surface of revolution Concave 1 [13] 

[14] Surface of revolution Concave 1 [14] 
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Table 10-23. Extraction of faces (example 4) 


[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 
[35] 
[36] 
[37] 
[38] 
[39] 
[40] 
[41] 
[42] 
[43] 
[44] 
[45] 
[46] 


Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Plane Surface (parameterized) 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Plane Surface (parameterized) 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Surface of revolution 
Plane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 


Plane Surface (parameterized) 


(0,0,1) 
(-1,0,0) 


(1,0,0) 


(0,- 1 30) 


(0,1,0) 


(0,0,1) 


(0,0,1) 
(0,0,1) 
(1,0,0) 
(-1,0,0) 
(0,-1,0) 


Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 
Concave 


Concave 


ee a a ee) ee 


[15] 
[16] 
[17] 
[18] 
[19] 
[20][21] 
[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 
[34] 
[35] 
[36] 
[37] 
[38] 
[39] 
[40] 
[41] 
[42] 
[43][44] 
[45] 
[46] 
[47] 
[48] 
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Table 10-23. Extraction of faces (example 4) 


[47] 
[48] 
[49] 
[50] 
[51] 
[52] 
[53] 
[54] 
[55] 
[56] 
[57] 
[58] 
[59] 
[60] 
[61] 
[62] 
[63] 


Piane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 


Plane Surface (parameterized) 


Surface of revolution 

Plane Surface (parameterized) 
Piane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 


Plane Surface (parameterized) 
Plane Surface (parameterized) 


Plane Surface (parameterized) 
Plane Surface (parameterized) 
Plane Surface (parameterized) 


(0,0,1) 
(1,0,0) 
(1,0,0) 


(0,0,-1) 


(0,0,1) 
(1,0,0) 
(-1,0,0) 
(0,-1,0) 
(0,0,1) 
(0,0,1) 
(1,0,0) 
(-1,0,0) 
(0,0,1) 
(0,0,1) 
(-1,0,0) 
(0,1,0) 


Convex 
Concave 
Convex 


Convex 


Concave 
Concave 
Concave 
Concave 
Convex 
Concave 
Concave 
Concave 


Concave 
Convex 


Convex 
Convex 


Convex 


mee yD A 
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[49]{50] 
[51] 
[52] 

[53][54] 
[55] 
[56] 

(57][58] 
[69] 
[60] 
[61] 
[62] 
[63] 
[64] 
[65] 

[66][67] 

[68][69] 

[70][71] 
[72] 
[73] 


Table 10-24. Manufacturing features (example 4) 


Feat. 


ID 


[1] 
[2] 
[3] 
[4] 
[5] 
6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 


Feature Faces 

Name ID 
Raw Material 
Step_Through [46] [48] 
Step_Through — [56][58] 
Step_Through — [57][59] 
Slot_Through [44][43][45] 
Slot_Through  [53][52][54] 
Hole Through (1[S1] 
Hole Through [3][40] 
Hole Through [6][37] 
Hole Through [11][31] 
Hole Through [13][28] 

Hole Blind _[2][41][42] 


Edges 
ID 


[122] 

[157] 

[158] 
(113][111] 
[142][140] 

[1)(2][3][4} [138][139] 


[9][10}[1 1] [13][16][12) [107][108} 
[22][18][23][24] 25][26] [29][19][104][105] 
[42][38][431 [45][98][44] [99][39] 
[51][47][52][53] [54][55][95][58}[96][48] 


[S]L6}[7)[8} [109]{110] 
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Table 10-24. Manufacturing features (example 4) 


[13] HoleBlind  (9][33][34] [34][35][36][31] [101][102] 
[73][71]{76][69] 
{20][21][18] 
Pocket Blind [19][30][17] ee eee 
[14] (Round —([22[23][16] a ne a Ae 
Corner) et [83][82](66][81] 
[80][62][79] 
[15] Cone [4139] (14][15][12]{16}[13][107] 
16] Sink (5][38] [17][18][19][20][21]{23][105][106] 
[17] Cone 71136] [27}[28][25][26][291{104] 
[18] Sink (8][35] [30][31][32][33][103][101] 
[19] Sink [10][32] [37][38][39][40][41][100][99][43] 
[20} Sink (12][29] [46][47][48][49][50][85][961[52] 
[21] Cone (14][27] [56][57][54][58][95][55] 


Table 10-24. Manufacturing features (example 4) 


Feat. 


ID 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 


[14] 


[15] 
[16] 
[17] 
[18] 
[19] 
[20] 


Feature 
Name 
Raw Material 
Step_ Through 
Step_ Through 
Step_Through 
Slot_Through 
Slot_Through 
Hole Through 
Hole Through 
Hole Through 
Hole Through 
Hole Through 
Hole Blind 
Hole Blind 
Pocket Blind 
(Round Corner) 
Cone 
Sink 
Cone 
Sink 
Sink 
Sink 


Location 


[94] = (0,0,0) 
[85] = (70,20,0) 
[105] = (15,0,45) 
[104] = (45,0,45) 
[79] = (80,20,50) 
[99] = (22,0,30) 

(30,35,0) 
(7.5,10,45) 
(7.5,30,45) 

(95,40,0) 

(60,47.5,30) 

(7.5,10,55) 
(7.5,50,35) 


61=(50.3,40.3,50) 


(7.5,10,45) 

(7.5,30,55) 

(7.5,30,45) 
(7.5,50,55) 
(95,40,55) 
(60,47.5,45) 


L 
100 
60 
70 
70 
50 
70 


10 


Dimension 

W 4H R 

70 60 

30 20 

7 15 

8 15 

10 10 

15 15 
30 3 
10 1.5 
10 1.5 
55 0.75 
15 0.75 
5 3 
20 1.5 

15 20 1 
5 1.5 
5 1.5/3 
5 1.5 
5 1.5/3 
5 0.75/1.5 
5 0.75/1.5 
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Table 10-24. Manufacturing features (example 4)(cont.) 


[21] Cone (60,47.5,30) 5 0.75 
Table 10-25.Manufacturing features after merging and concatenation 
(example 4) 
No Feat. Feature 
: ID name 
1 {1] Raw Material 
2 [2] Step_through 
3 [3]+[4] Slot_Through 
4 [5] Slot_Through 
5 [6] Slot_Through 
6 [7] Hole_Through 
Counter Bore Blind 
A STE TeTE TD Conic Bottom 
Counter Sink Blind 
SE Conic Bottom 
9 [10]+[19] Counter Sink Through 


10. [11]+[20]+[21] Counter Sink Blind Conic Bottom 
11 [18]+[13] Counter Sink Blind Flat Bottom 
12 {14] Pocket Blind (Round Corner) 


Table 10-25.Manufacturing features after merging and concatenation 
(example 4) (cont.) 


Feat. : Dimension 
ID Location WH R i RH 
1 1 2 2 
[1] [94] = (0,0,0) 70 60 
[2] [85] = (70,20,0) 30 20 
[3]+[4] [105] = (15,0,45) 30 15 
[5] [79] = (80,20,50) 10 10 
[6] [99 }=(22,0,30) 15 15 
[7] (30,35,0) 30 3 
[8]+[12]+[15] (7.5, 10,40) 20 1.5 10 3 
[9]+[16]4+[17] (7.5,30,40) 20 ~=—-1.5/3 5 15 
[10]+[19] (95,40,0) 60 0.75/1.5 5 0.75 55 
[11]+[20]+[21] (60,47.5,30) 25 1.5/0.75 5 0.75 
[18]+[13] (7.5,59,35) 25 1.5/3 5 15 20 
[14] 61=(50.3,40.3,50) 15 20 1 
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Table 10-26. Machining information (example 4) 


Operation Feature Feature Operation 
sequence ID e e€ 
1 [5] Slot_Through Slotting Milling 
Pocket Blind (Round sai 
2 [14] Comer) Pocket_Milling 
3 [3]+[4] Slot_Through Slotting Milling 
4 (8]+{12]+ Counter Bore Blind Counter Boring 
[15] Conic Bottom Drilling 
5 (9]+[16]+ Counter Sink Blind Counter Sinking 
[17] Conic Bottom Drilling 
Counter Sink Blind Counter Sinking 
° [Lert Flat Bottom Drilling 
7 [6] Slot_Through Slotting_ Milling 
Counter Sink Blind Counter Sinking 
: Ou Conic Bottom Drilling 
9 [2] Step_through Shoulder_Milling 
10 [7] Hole_Through Drilling 
7 [10}+119] Counter Sink Through  COUnter Sinking 


Drilling 


Table 10-26. Machining information (example 4) (cont.) 


Operation Feature Cutting Tool Removed 
sequence ID tool approach volume 
1 a [0,1,0] or 
[5] End Milling Cutter [0,-1,0] 5000.00 
Corner Rounding Milling 
2 [14] Cutter [0,0,-1] 2991.41 
3 (B1+14] End Milling Cutter TOLLOT 14700.00 
[8]+[12]+ Drill + Counter Bore : 
4 [15] Drill [0,0,-1] 224.48 
{9]+[16]+ Drill + Counter Sink E 
5 7] ea [0,0,-1] 156.57 
6 igpeniag- «Dee Counterpme—<fodetl; «223.84 
Drill 
7 [6] End Milling Cutter [0,1,0] or 15750.00 
[0,-1,0] 
8 (i}+opq21y Drill + ars Se [0,0,-1] 50.22 
9 [2] Side Milling Cutter [0,0,-1]  36000.00 
10 [7] Twist Drill [0,0,-1] 848.23 
7 [10}4119] Drill + Counter Sink [0,0,-1] 117.81 


Drill 


10.7 
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Advantages of IFRM Methodology 


The methodology discussed in this book has several advantages over 
other methods suggested in the literature. The following are some of the 
advantages of the proposed methodology: 


1. 


By using the object-oriented approach, the proposed methodology 
has the ability to provide a good a generic representation of the 
simple and compound product data in which the feature, geometry, 
topology, and manufacturing data are associated. 

The proposed methodology is flexible to the variations of the IGES 
file format from different vendors that offer different CAD systems. 
The proposed methodology is separated the extraction module of the 
IGES entities of designed part from the subsequent modules of the 
program. This makes the proposed methodology easily adaptable to 
any other standard format such as STEP or DXF. 

The proposed methodology uses the IGES format as a standard 
input. Most feature recognition approaches found in the literature 
have been developed via the internal data structure of the CAD 
system. Therefore, these approaches are specific domain for these 
CAD systems. 

The proposed methodology operates in 3D solid modeling 
environment which gives it a powerful ability to be used by the 
current manufacturing technology. Most researchers who developed 
approaches via the IGES standard based these on 2D or wireframe 
representations. 

The proposed methodology can also extract simple curved features 
such as round corners. This was not handled by several of the other 
methods proposed. Some of them have tried to approximate circular 
arcs to line segments; therefore, that does not produce accurate 
result when these features are mapped to manufacturing domain. 

The proposed feature recognition algorithms developed in this 
methodology represent an excellent step toward linking the 
commercial CAD and CAM systems. Therefore, that will facilitate 
the concurrent engineering (CE) efforts for future CAD/CAM 
systems. 

The output of the proposed methodology represents a good input for 
downstream applications of CAM such as computer numerical 
control (CNC) and inspection planning (IP). 

The proposed methodology can handle generally the interaction 
problem between features in which the interaction is classified as 
intersecting and compound feature interactions. From the literature, 
most researchers had not considered both types of feature 
interactions in their approaches. 
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10. The proposed methodology can map successfully the manufacturing 


10.8 


10.9 


extracted features into the process planning point of view. The 
machining information includes the machines, tools, machining 
direction, and machining sequence. 


Limitations of IFRM Methodology 


For each extracted manufacturing feature, the proposed 
methodology searches the feature list (the basic entities which are 
edges and faces) sequentially and applies the production rules. Thus 
this can be improved by using the optimization techniques so the 
edges and faces, which could constitute a feature, will be selected 
faster. 

The process planning stage emphasizes only two types of machining 
operations (milling and drilling) owing to the nature of the extracted 
manufacturing features. 

The proposed methodology handles only prismatic parts. 


Recommendations for Future Work 


This methodology is considered an excellent step toward automating 
CAM applications. Therefore, the proposed intelligent feature recognition 
methodology (IFRM) can encourage future researchers to conduct more 
work for complete automating CAM applications. Some points can be taken 
into account for future work: 


1. A complete process planning module that includes detailed 
machining information, production time and cost of the 
designed parts should be addressed. 

2. To minimize the execution time of the developed program, 
graph theory can be used to reduce the selected number of 
edges and faces of any features. 

3. The merging rules of the methodology can be extended to 
handle any new manufacturing features such as rotational and 
free form features. The proposed methodology allows for such 
new features to be added. However, the merging rules then 
need to be extended to handle these new features. Moreover, as 
a future work, the merging rules should guarantee (the 
reliability) which implies that all the features that can be 
combined are merged correctly (the algorithms converge). 

4. The proposed methodology should provide a design for 
manufacturing (DFM) analysis to ensure the machining 
information capabilities for each manufacturing feature. 
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5. To fully standardize the system, the current methodology 
should be extended to the other standard formats such as STEP. 

6. Optimizing the machining sequence of the designed parts, in 
order to minimize both production time and cost, should be 
created. 

7. Automatic inspection planning as an application of CAM 
should be developed. Automatic inspection plans for the 
designed parts should be generated to make sure that the 
designed parts meet the required quality specifications. 

8. Automatic fixture design as another application of CAM should 
be developed. Variations in product designs require that 
fixtures should be intelligent and flexible to the high-speed, 
small-volume manufacturing systems. As a result, systematic 
methodologies that integrate design within an automated 
environment rather than designing the actual fixture itself are 
urgently required. 


10.10 Summary 


Computer-integrated manufacturing (CIM) can be defined as developing 
a fully automatic manufacturing system from which a complete product can 
be manufactured via the most efficient means from design stage to 
manufacturing stage. CIM is almost impossible in the absence of the 
integration of design and manufacturing. Feature recognition plays a key 
factor toward achieving the integration of design and manufacturing. 
Although many researchers have encountered feature recognition problems, 
there is still a need for further improvement of the previous methodologies 
found in the literature. 

In this section, a methodology for feature analysis and extraction of 
prismatic parts for CAM applications is proposed and the implemented 
system is presented. This approach aims to achieve CAD/CAM integration. 
Different CAD or geometric modeling packages store the information 
related to the design in their own databases and the structures of these 
databases are different from each other. As a result, no common or standard 
structure has so far been developed that can be used by all CAD packages. 
For this reason this proposed methodolgy will develop a feature recognition 
algorithm that has the ability to communicate with the different CAD/CAM 
systems. 

Part design was introduced through CAD software and was 
represented as a solid model. The CAD software generates and provides the 
geometrical information of the part design in the form of an ASCII file 
(IGES) that is then used as standard format that provides the proposed 
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methodology the ability to communicate with the different CAD/CAM 
systems. The boundary (B-rep) geometrical information of the part design is 
analyzed by a feature recognition program that is created specifically to 
extract the features from the geometrical information based on the geometric 
reasoning approach. The proposed feature recognition program is able to 
recognize the following features: slots (through, blind, and round corners), 
pockets (through, blind, and round corners), inclined surfaces, holes (blind 
and through), steps (through, blind, and round corners), counter bore (bind 
and through) holes, counter sink (bind and through) holes, etc. Also, the 
proposed methodology is developed to handle the interaction between the 
features. These features, called manufacturing information, are mapped to 
process planning function as an application for CAM. The system is 
developed in C++ language on a PC-based system. Finally, four case studies 
are used to illustrate the validity of the proposed methodology. Table 10-27 
summarizes the characteristics of designed parts and the execution times for 
the four case studies. 


Table 10-27. Summary for results of case studies 
Case No. Faces Edges Vertices No. of features CPU Time (sec) 
1 20 51 34 5 0.27 
2 50 141 94 9 14.49 
3 73 201 134 17 26.89 
4 63 166 111 21 0.99 


'CPU time was calculated based on running the feature recognition program 
on a Pentium 4 PC with 3.06 GHz. 


10.11 Problems 


10.1. Explain the CAD interface for the IFRM system. 
10.2. What are the general steps of the IFRM system for extraction and 
classification of features? 
10.3. How can the IFRM system be implemented through CAD systems? 
10.4. For the given feature, determine the following: 
i. Vertex list 
ii. Edge list 
iti. Loop list 
iv. Face list 
v. Concavity of edges 
vi. Concavity of loops 
vii. Concavity of faces 
viii. Feature information 
ix. Machining information 
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10.5. For the given feature, implement the design by CAD system, generate 
IGES file, and then determine the following: 
i. Vertex list 

ii. Edge list 
iii. Loop list 
iv. Face list 
v. Concavity of edges 
vi. Concavity of loops 

vii. Concavity of faces 

viii. Feature information 
ix. Machining information 


10.6. What are the advantages of IFRM methodology? 
10.7. Explain the limitations of IFRM methodology. 


Part IV: Advanced Topics 


Chapter 11 


Rapid Prototyping 


11.1 Introduction 


Rapid prototyping (RP) is a technique for direct conversion of 3D CAD 
data into a physical prototype using a number of techniques, mostly based on 
slicing a three-dimensional object into multiple two-dimensional layers and 
building them up one layer at a time. Industries have been using RP 
techniques increasingly to reduce their product development cycle. Having 
realized the potential of RP for prototyping applications, a large number of 
processes have been developed allowing the use of various materials ranging 
from plastics to metals for the development of prototypes. Rapid 
manufacturing (RM) is the term for applying RP for production of final 
manufactured parts. Rapid tooling (RT) generally concerns the production 
of molds and tooling inserts using RP. RP and RT are means for 
compressing the time-to-market of products and lowering the cost, 
considered as competitiveness-enhancing technologies. '™* 

Rapid prototyping can be used to check for form, fit, and function of 
prototypes especially in tooling. RP parts are used for visual inspection, 
ergonomic evaluation, and masters for secondary manufacturing processes in 
various stages of new product development.’ The process has been used in 
the automotive, consumer products, casting, and toy industries. An 
estimated 3.55 million models and prototype parts were build worldwide 
using RP techniques in 2001.This is an increase of 18.3% from the 3 million 
models produced in 2000." Since at the design stage, two copies of a 
unique design are built on the average, it is estimated that some 1.72 million 
distinctive parts were produced in 2001. Research has shown that the total 
costs for new products can be reduced by as much as 30 to 60%,*”” and 
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lead times can be reduced by 50 to 60%.’ RP has a direct fabrication 
ability that reduces tooling cost. It does not involve tooling and fixturing. RP 
can also be used for design of very complicated objects with self-similarity 
feature.'”' Contemporary CAD systems can no longer handle the object 
when the object has a very complicated shape with self-similarity. Most 
objects in nature are by design self-similar. 

RP processes are used in reverse engineering (RE) and new product 
development (NPD). Reverse Engineering takes a manual or computer- 
aided method to duplicate an existing object or system. Reverse Engineering 
has gained importance to speed up product development process in recent 
years. This is especially true since the manufacturing process is being 
outsourced to nations with cheaper labor and 70% of the product cost is 
committed at the design stage. 

RP can be used for a variety of applications. These applications have been 
categorized into four main functions: parts for modeling and presentations, 
functional prototypes, tooling and process parts, production, and 
manufacturable parts. Model prototypes are nonfunctional parts, although 
they are developed with high accuracy in shape and dimension. The RP 
model can be used for concept validation, design verification and form, and 
fit analysis of assembly parts. Functional prototypes are developed to be 
analyzed under the same conditions as in actual use. Material selection and 
use is an important part of this process becuase the properties of the 
prototype material should be very similar to the properties of the material 
that will be used for the actual component. These are physical properties 
such as stress and strain and thermal properties such as expansion. Process 
parts are used to create functional prototypes. RP models can be used as 
patterns for molds in investment and sand casting processes. This process is 
known as the indirect approach to rapid tooling. They can also be used as 
direct approach in case of the design of the pattern in spray metal operation. 
Finally, the production parts are directly manufactured using rapid 
prototyping equipment. This process is known as rapid manufacturing. 
Material used in this category of RP application must have all the 
characteristics of the final product as it is processed using the traditional 
manufacturing operations.''® The first recorded rapid manufactured part was 
developed on a SLS (selective laser sintering) machine in 1992. These parts 
must have the required durability and functional. Figure 11-1 shows 
applications of RP in manufacturing sectors of the United States.”” 
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Figure 11-1. RP in US industries 


11.2 Benefits of Rapid Prototyping Technology 


Rapid prototyping (RP) has a strong impact on productivity, which 
means getting a product from concept to prototype to reality in as fast and as 
an inexpensive method as possible. Conventionally, producing prototypes, 
testing them, and approving them have been a slow and costly process. 
Conventional prototyping can take a long period of time from weeks to 
months, depending on the complication of the design and the method used. 

RP can assist radically in reducing the prototype life cycle and the 
related costs. Moreover, RP computerizes the fabrication of prototypes 
from 3D CAD designs. A physical prototype provides more information 
about a product compared with the information that can be obtained from the 
design drawing. The following are the general benefits of using RP 
technology in the industries”’: 

e Quickly try out “new” design concepts 
Troubleshoot existing or new designs 
Obtain ideas for future design changes 
Better communication among engineering teams 
Functional testing of designs 
Marketing 
Production tooling and fixturing can be better planned. 

Packaging and shipping methods can be explored. 
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11.3 Rapid Prototyping Terminology 


RP processes are categorized based on the material types (powder, 
liquid, solid, etc.) and the building technology (laser, adhesive, extrusion, 
etc.) The stereolithography file (STL) is generated from the solid model 
CAD data and then used as input to the RP machines to generate the part. 
Some of the available RP technologies are fused deposition modeling 
(FDM), laminated object manufacturing (LOM), stereolithography and 
selective laser sintering (SLS). Most of these processes use layered 
manufacturing techniques (LMT). Rapid manufacturing refers to the direct 
manufacture of solid 3D parts using LMT techniques. Selective Laser 
Sintering (SLS) has been used to manufacture parts for the space shuttle and 
space labs at Boeing." SLS has also been used to make parts at NASA’s 
Jet Propulsion Lab. 

The first stage of producing a rapid prototype is a 3D CAD solid model 
or surface model generated by any CAD software. Becuase the rapid 
prototyping system generates a precise physical duplicate of the solid 
modeling CAD design, it is important that the CAD design should be 
excellent. The geometrical solid model CAD data are converted into STL 
file format by the used CAD software. The word STL is especially 
developed for stereolithography rapid prototyping systems. It has become 
the standard format/interface between a 3D solid model CAD design and any 
rapid prototyping systems.” 

Normally, the 3D solid surface is approximated by a surface consisting 
of triangular facets. The STL file gives the X, Y, and Z coordinates of the 
vertices of each triangular facet. Therefore, it is necessary that the generated 
faceted surfaces should be perfectly defined in the STL file format. Today’s 
rapid prototyping systems support software that validates the STL file. The 
software has the capability to recognize the defective regions of the file and 
fix them. The repair process is automated by the computer software and it is 
not always guaranteed. So, it is essential to review the corrected file for 
validation purposes.”° 

Many problems can affect the accuracy of the STL file. Becuase STL 
files are made of a group of triangular facets and each triangle consists of 
straight sides, the rapid prototyping design might not consist totally of 
straight sides. For example, the complex curves and designs are basic 
features of today’s design. To overcome this problem, the curved surface 
using a planar surface should be perfectly defined. If the curved surface is 
defined by a small number of triangular facets, the STL file will not be 
compatible with the actual design. Therefore, the generated rapid 
prototyping part will not be extremely accurate and the flat surfaces will be 
noticeable. As a result of defining a curved surface with an enormous 
number of triangular facets, the curved surface can be represented more 
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accurately. Generating the typical STL file for curved surfaces is an 
important task in the rapid prototyping processes; therefore most of the solid 
CAD softwares support techniques for controlling the number of the 
generated triangles." 

CAD data can be used to create two types of prototypes: soft prototypes 
and hard prototypes. Soft prototypes can be defined as computer-generated 
graphics of a design in which visualization tools integrate CAD-based 
systems and animation to facilitate a detailed observation of the model. The 
generated soft prototypes by visualization tools cannot be touched; however, 
it can provide another way of conveying the product design specifications. 
On the other hand, hard prototypes can be defined as the physical models 
that can be touched and observed in 3D views. 

There are many factors affecting the selection of the rapid prototyping 
process. These factors are”: 

e Part resolution 
Post-processing operations 
Available RP systems to the designer 
Prototype material characteristics 
Available time 


11.4 Rapid Prototyping Systems 


The rapid systems covered in this chapter are: 
Stereolithography (SLA) 

Solid ground curing (SGC) 

Laminated object manufacturing (LOM) 

Selective laser sintering (SLS) 

Direct shell production casting (DSPC) 

Fused deposition modeling (FDM) 

These systems are discussed in detail in the following subsections: 


ANRWN 


11.4.1 Stereolithography (SLA) 


Stereolithography (SLA) is developed via 3D solid modeling systems. It 
is a popular rapid prototyping process; approximately 60% of rapid 
prototyping operations can use the stereolithography process. The A in SLA 
stands for apparatus. 
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11.4.1.1 Stereolithography Process Preparation 


To create a part using the SLA process, the following steps should be 


done: 


1.The STL file is generated by CAD software. 

2.The generated file is provided into the rapid prototyping machine. 
3.The support file is generated. 

4.The STL file and support file are sliced with the slice program. 
5.The BFF file is generated. 

6.The BFF file is uploaded into the rapid prototyping machine. 


The material container is an element of the machine and never removed 
unless to change resin. The platform is mounted onto the elevator of the 
machine and moves up and down within the resin container. 


11.4.1.2 SLA Process 


As shown in Figure 11-2. The stereolithography (SLA) process develops 
parts as follows”: 


l. 


2. 


A directed laser beam reproduces the shape of slice files onto the 
build material. Supports are built first. 

The region laser-traced onto the build material cures, solidifying the 
first layer of the laser trace. Support structures are reproduced 
concurrently as needed. 

The platform with the first layer of the part and/or support is let 
down the surface of the build material. 

The solidified build material is wiped to level it and avoid build-up 
of material at one end of the container. 

The platform is lowered one layer below the surface of the build 
material. 

The previous steps are repeated until the part and supports are built 
layer by layer. 

When the part is completed, the model is detached from the machine 
and the supports are manually removed from the part. 

The part is cleaned, post-cured in an ultraviolet PCA (post-curing 
apparatus), and finished as required. 
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Figure 11-2. Stereolithography process 


11.4.1.3 Advantages and Disadvantages of SLA 


11.4.1.3.1 Advantages of SLA 


The following are the advantages of the SLA process”: 

1. Productivity: Parts can be fabricated in a short period of time 
(hours/days), depending on the design complexity without the need 
for machining or tooling. 

2. Unattended operation: The SLA process can run from build start to 

build finish without the need of a worker. 

Accuracy: The accuracy of SLA parts is good. 

Reliability: SLA systems are very reliable. 

Flexibility: Several parts can be built in the same build envelope. 

Material usage: Slight waste is created. 

Surface finish and appearance: The surface finish and shape of 

produced parts are very good. 

8. Part strength: Part strength is excellent; therefore parts are used for 
the following tests: stress, airflow, fluids, and photoelastic analysis. 


Ree Rie aces 
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11.4.1.3.2 Disadvantages of SLA 


Photocurable resins such as those used in SLA are brittle. Use of these 

resins causes the following problems”: 

1. Cracking: Cracking of SLA-built parts is common when parts are 
drilled and have fasteners driven into them. 

2. Changing in dimension due to absorption of moisture: Becuase the 
material continues to cure and absorb ambient moisture from the air, 
parts generated from SLA resins face some problems such as 
changes in dimension and distorting. 

3. Support creation and subsequent removal: Numerous parts 
produced via SLA require the construction of supports. As a result, 
manual removal and disposal of the supports are essential. 

4. Cleaning and curing: Some SLA resin-based parts must be cleaned 
using a solvent such as alcohol. 

5. Long Build Time: Becuase SLA run time is proportional to the 
volume of the designed part, so, building of large solid parts may 
require long time. 


11.4.2 Solid Ground Curing (SGC) 


Solid ground curing (SGC) was developed by Cubital. SGC is a rapid 
prototyping system that utilizes an ultraviolet light to cure each layer of 
liquid resin. In contrast with laser-based systems, SGC process cures a whole 
layer in one exposure, rather than tracing the part with a beam.”” 


11.4.2.1 SGC Process Preparation 


To create a part using the SGC process, the following steps should be 
done: 
i. The STL file is generated and loaded into the controller of the SGC 
rapid prototyping machine. 
ii. Containers of build material and wax are filled. 


11.4.2.2 SGC Process 


As shown in Figure 11-3, the solid ground curing (SGC) process 
generates parts as follows”: 
1. A xerographic negative of the initial working slice is printed onto a 
glass plate. The segment of the glass plate representing the slice to 
be built is transparent. 
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Figure 11-3. Solid ground curing process 
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The build platform is coated with a thin layer of photocurable liquid 
resin. 

The build platform moves into a position under the glass plate and 
both are aligned under an ultraviolet lamp. 

High-intensity ultraviolet light passes through the plate to cure the 
resin under the transparent portion of the glass. 

Uncured resin is vacuumed off the build platform. 

A layer of liquid support wax is deposited onto the build platform, 
filling in the spaces among the cured areas, and is hardened by a chill 
plate. 

A part of the solidified resin and wax is milled off to give a 
consistent surface for deposition of resin for the next layer. 

The build platform moves under a dominant ultraviolet lamp for final 
curing of the layer. 

The process continues until the part or parts are built. 


. The solid cube of wax and parts is removed for dewaxing. 
. The wax is dissolved and washed away with hot water or a solution 


of hot water and citric acid. 


11.4.2.3. Advantages and Disadvantages of SGC 


11.4.2.3.1 Advantages of SGC 


The following are the advantages of the SGC process”: 


1. 


Stable build environment: The build surrounding decreases the 
possibility of curling and warping. Moreover, it reduces the need for 
supports and final curing. 

Throughput: Becuase parts can be nested and stacked, a whole layer 
can be cured with one 6-second exposure of light. 

Build geometry: Any 3D solid geometric design can be built in any 
configuration. 

Build time: Parts can be built overnight, with attended operation. 
Interruptable operation: In an urgent situation, the build cycle can 
be intermittent for a high-priority build. On the other hand, Because 
of the potential for something to go wrong, this is not recommended 
unless totally needed. 


11.4.2.3.2 Disadvantages of SGC 


There are many limitations of using the SGC process. They include the 
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following: 

1. Attended operation: The SGC process is labor-intensive. The 
process needs to be continuously supervised. 

2. Dewaxing cycle: After curing, the wax needs to be washed away 
with water/citric-acid solution. 

3. Solid waste disposal: A portion of each layer of build material and 
wax is milled off. 

4. Liquid waste disposal: Although the working environment is good, 
the wax and water, or wax/water/citric acid from the dewaxing cycle 
must be disposed of. 


11.4.3 Laminated Object Manufacturing (LOM) 


Laminated object manufacturing (LOM) is a rapid prototyping system that 
utilizes 3D solid model CAD data to build up prototype models from sheet 
material. 


11.4.3.1. LOM Process Preparation 


To create a part using the LOM process, the following steps should be done: 
1. 3D solid model CAD data is entered into the process controller. 
2. The software generates cross-sectional slices. 
3. The paper feeder is loaded with the desired material. 


11.4.3.2 LOM Process 


As shown in Figure 11-4. The laminated object manufacturing (LOM) 
process creates parts as follows'”’: 
A sheet of build material is placed over the LOM machine’s elevator 
platform on which a build plate rests. 
2. The elevator moves up until the plate makes contact with the build 
material. 
3. The initial layer of material is laminated to a layer of tape on the 
elevator platform. 
4. A laser beam cuts the cross-sectional outline of the initial layer of 
material. 
5. The laser beam cuts a crosshatch design into the excess material to 
assist the removal process. 
6. The laser beam also cuts a wall that supports the model and 
crosshatched excess material. 
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7. The elevator platform raises to detach the traced design from the roll 
of build material, and then lowers. 

8. A second layer of build material is advanced. 

9. The elevator platform raises to make contact with the build material. 

10. The heated laminating roller presses down the second layer to bond 
it to the initial layer. 

11. The previous steps continue until the complete model is completed. 

12. The laminated stack and surrounding wall and plate are removed 
from the elevator platform. 

13. The surrounding wall is detached. 

14, Excess external and internal material is removed to reveal the 


model. 
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Figure 11-4, Laminated object manufacturing process 
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11.4.3.3 Advantages and Disadvantages of LOM 


11.4.3.3.1 Advantages of LOM 


The following are the advantages of the laminated object manufacturing 

process”: 

1. Inexpensive: Both material investment and the LOM process are 
very inexpensive. 

2. No toxic materials: Only nontoxic fumes from laser cutting are 
generated. The fumes can be vented. 

3. Accuracy: Laminated object manufacturing parts were once prone to 
dimensional nonstability, particularly in the Z-axis. Improvements in 
materials and the process of the machine can reduce this problem. 

4. Semi-attended operation: The laminated object manufacturing 
process can run unattended. 


11.4.3.3.2 Disadvantages of LOM 


There are many limitations of using the LOM process. They include the 

following: 

1. Dimensional stability: Until they are sealed, LOM papers are 
susceptible to swelling because of humidity. Even though 
improvements in the process and materials can reduce this problem, 
LOM parts have some Z-axis accuracy problems. Z height should be 
supervised during the building process. 

2. Internal cavities: Some parts require stopping the process to 
eliminate the waste. Moreover, the part should be split or 
delaminated to clean out interior cavities, after which the part can be 
bonded back together. 

3. Post-production time: Depending on the complexity of the designed 
model, post production time to eliminate the whole waste can be 
labor-intensive. 

4. Secondary processes: To generate accurately functional parts, 
secondary processes are required. 


11.4.4 Selective Laser Sintering (SLS) 


Selective laser sintering (SLS) is a rapid prototyping system that utilizes 
a laser to fuse (sinter) powdered material to build the layers of a part. 
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11.4.4.1 SLS Process Preparation 


To create a part using the SLS process, the following steps should be 
done: 
1. A CAD file in STL format is loaded into the controller of the SLS 
rapid prototyping machine. 
2. The cartridges containing the required build material are installed. 


11.4.4.2 SLS Process 


As shown in Figure 11-5, the Selective Laser Sintering (SLS) process 
creates parts as follows”: 

1. A thin layer of heat-fusible build material is deposited onto the part- 
building bed within the build chamber. 

2. The 3D solid modeling software slices the part files and the heat 
generating CO, laser draws the initial layer of the part to be built 
onto the powdered build material. The initial layer is supported by 
unfused material beneath it. 

3. The particles of material contacted by the laser fuse together to form 
a solid mass. The intensity of the laser beam is modulated to fuse the 
powder only in the areas defined by the design geometry of the slice. 

4. The part-building bed lowers a depth of one slice. 

5. A roller mechanism deposits the next layer of build material on top 
of the previous layer. 

6. The previous steps are repeated, building the part as each layer fuses 
to the one beneath it. 

7. When the build is accomplished, the part is removed from the build 
chamber. 

8. Loose material falls away or is brushed off in the break-out station. 

9. The part may be post-processed as required. 


11.4.4.3 Advantages and Disadvantages of SLS 


11.4.4.3.1 Advantages of SLS 


The following are the advantages of the selective laser sintering process: 

1. Wide variety of build materials: A very wide variety of build 
materials are used in the SLS process. Moreover, materials are 
cheap 

2. Unattended operation: The SLS process can run from build start to 
build finish without the supervision of a worker. 
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3. No support materials required: Powders perform as_ natural 
supports. 

4. Post-curing: No post-curing is needed, excluding sand and metal. 
Post-curing of plastic parts is not required in the SLS process. 

5. Multiple part building: Many parts are built and stacked within the 
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Figure 11-5. Selective laser sintering process 


6. Strength and durability: Strength and durability are excellent, 
especially in nylon materials. 

7. Little waste: Material that is not fused in the SLS process can be 
recycled and reused. 

8. Accuracy and surface finish: The accuracy, surface finish, and 
shape of parts generated by the SLS process are excellent. 

. Thin walls: Very thin walls can be accomplished. 

10. Easy cleanup of parts: Free materials usually fall off the completed 
part. What remains is easy to brush off. 

11. Metal and sand offer unique applications: SLS provides metal and 
sand applications that other rapid prototyping processes do not 
support. 
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12. Functional prototypes: The SLS process produces some prototypes 
that are functional. 


11.4.4.3.2 Disadvantages of SLS 


There are many limitations of using the SLS process. They include the 
following: 

1. Temperature sensitivity: To avoid oxidation of materials during the 
build process, it is necessary to maintain a nitrogen inert 
environment. The material fusing temperature should be held to just 
below its melting point. 

2. Metal builds: As a consequence of the temperature requirements for 
the build, metals can be very difficult to use. 

3. Surface sealing requirement: Cleanup of SLS parts is 
uncomplicated; however, to improve the rough, powdery surface 
finish of the part, some form of sealing and sanding is necessary. 

4. Build envelope is limited: The build envelope is small. 

5. Use of entire platform: Some materials will not build in a good 
manner if the whole platform is used. 


11.4.5 Direct Shell Production Casting (DSPC) 


Direct shell production casting (DSPC) was developed by Soligen. 
DSPC is based on 3D printing process invented at the Massachusetts Institute 
of Technology and licensed to Soligen. DSPC is a rapid prototyping system 
that is different in two significant areas'*': 

e A process that is different from all other rapid prototyping processes 

e A company that markets services rather than equipment 


The DSPC process is basically a 3D printing process that generates 
ceramic molds for metal castings with interior cores directly from a 3D solid 
model CAD file, avoiding the requirement of the traditional tooling. 


11.4.5.1 DSPC Process Preparation 


To produce a part using the DSPC process: 
1. A 3D solid model CAD file is generated in STL format. 
2. The CAD file is forwarded to Soligen. 
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11.4.5.2 DSPC Process 


As shown in Figure 11-6, the direct shell production casting (DSPC) 

process creates parts as follows”: 

1. Using a 3D solid model CAD file, Soligen designs a virtual model for 
net shape casting and the gating system. 

2. Soligen then creates a digital model of a ceramic mold, including 
integral cores to produce the hollow sections. The digital model is 
transferred to the DSPC rapid prototyping system. 

3. The DSPC rapid prototyping system automatically spreads the initial 
layer of build material, a ceramic powder. 

4. A liquid binder is “printed” onto the powder layer to define the cross- 
section of the mold. The initial layer is lowered and the next layer of 
ceramic powder is spread. 

5. The process is repeated until the whole mold is “printed.” The mold is 
then fired to create a rigid ceramic mold surrounded by unbound 
powder. 

6. Unbound ceramic powder is removed from the mold. 

7. At Soligen’s foundry, the mold is filled with molten metal. After the 
metal cools, the ceramic and gating metal are removed. 


11.4.5.3 Advantages and Disadvantages of DSPC 


11.4.5.3.1 Advantages of DSPC 


The following are advantages of the DSPC process: 

1. Patternless process: DSPC is a patternless process that produces 
molds directly and eliminates tooling, wax, and shell dipping. 

2. Integral cores: In the DSPC process, there is no need for core prints 
or core boxes. 

3. Reduced production time: Functional metal parts are produced in a 
short period of time. 

4. Unique casting capability: Castings are easily produced that cannot 
be produced by conventional casting processes. 


11.4.5.3.2 Disadvantages of DSPC 


There are many limitations of using the DSPC process. They include the 
following: 
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Preparation - A design of virtually any shape 
is sent to Soligen. 


ip 


2 Soligen creates a digital model, including 
integral cores for hollow sections, and transfers 
it to the DSPC system. 


4 A liquid binder is “printed” onto the 
ceramic powder to defin a cross section of 
the mold. After each layer is printed, it is 
lowered and a new layer is spread. 


6 Unbound powder Is removed 
from the mold 


1 Soligen designs a virtually pattern for 
net shape casting, including the gating system 


3 The DSPC system automatically generates 
the model by spreading consecutive layers of 
ceramic powder. 


§ The process is repeated until the entire 
mold is “printed”. The mold is then fired, 
resulting in a rigid mold surrounded by 
unbound powder. 


7 The mold is then filled with molten metal. 
After cooling, the ceramic and gating material 
are removed. The part is finished, if necessary, 
inspected, and shipped 


Figure 11-6. Direct shell production casting process” 
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1. One part from one mold: The ceramic mold is destroyed after 
releasing the cast part. Therefore, only one part can be produced per 
mold. 

2. Surface finish: DSPC castings often show the layer steps of the 
DSPC process. Internal surfaces that show the layer divisions are 
hard to sand smooth out. 

3. Mass production: Castings can be produced that cannot be produced 
by conventional casting processes. This advantage can lead to a 
disadvantage because the part that is prototyped cannot be mass 
produced conventionally. 


11.4.6 Fused Deposition Modeling (FDM) 


Fused deposition modeling (FDM) is a process that uses a computer- 
controlled extrusion head to deposit build material from the STL file. The 
fused deposition modeling process is basically the same for all Stratasys 
models. 


11.4.6.1 FDM Process 


As shown in Figure 11-7. The FDM process builds 3D prototypes from 3D 
solid model CAD file or surface models!®’. 
1. Build material is fed to the FDM machine extrusion head from a 


spool. 

2. The build material is melted by the temperature-controlled extrusion 
head. 

3. The semi-liquid build material is extruded and deposited in thin 
layers onto a fixtureless base. 

4. The deposition process is repeated layer by layer to build up a three- 
dimensional model. 


11.4.6.2. FDM Support System 


Becuase the FDM process uses two extrusion heads, support material may 
be either the same as or different from the build material. Moreover, the 
following are some important aspects of this matter: 

e To help easy, snap-off removal, perforations are created where the 
supports join the model. 
e No special cleanup is necessary. 
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Figure 11-7. Fused deposition modeling process 


11.4.6.3 Advantages and Disadvantages of FDM 


11.4.6.3.1 Advantages of FDM 


The following are advantages of the FDM process: 

1. A variety of build materials: As a consequence of the availability of 
many different build materials, FDM is mainly good for functional 
prototyping. 

2. Easy removal of support material: Support materia! is easily 
removable. Moreover, except for the support material, no material 
is wasted. 


11.4.6.3.2 Disadvantages of FDM 


There are many limitations of using the FDM process. They include the 

following: 
1. Delamination: FDM prototypes built with certain materials exhibit 
weak interlaminar strength. They tend to delaminate when bent, or 
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to shear along layer boundaries. 

2. Envelope size: Because FDM uses a gantry, however, potentially the 
envelope is unlimited. 

3. Speed: The FDM process is relatively slow. 


11.5 Summary 


Rapid prototyping (RP) is a technology that enables the building of 
physical models and prototype parts from three-dimensional CAD data. RP 
builds the physical models and prototype parts from plastic, liquid, 
powdered, and sheet materials in thin cross-sections based on a computer 
model. The rapid systems covered in this chapter are: stereolithography 
(SLA), solid ground curing (SGC), laminated object manufacturing (LOM), 
selective laser sintering (SLS), direct shell production casting (DSPC), and 
fused deposition modeling (FDM). Each one of these systems had some 
advantages and some limitations. 


11.6 Problems 


11.1. Define rapid prototyping (RP) and state its importance. 

11.2. Define the term, STL. 

11.3. Differentiate between soft prototypes and hard prototypes. 

11.4, Name five rapid prototyping systems. 

11.5. Explain the steps of the stereolithography process. 

11.6. What are the Advantages and Limitations of SLA? 

11.7. Describe solid ground curing (SGC) process. 

11.8. List the Advantages and Limitations of the SGC process. 

11.9. Explain in detail laminated object manufacturing (LOM) and its 
advantages and limitations. 

11.10. What is the selective laser sintering (SLS) process? Explain. 

11.11. Describe the direct shell production casting (DSPC) process. 

11.12. Explain the fused deposition modeling (FDM) process. 

11.13. Explain the advantages and limitations of the FDM process. 


Chapter 12 


Collaborative Engineering 


12.1 Introduction 


During the past decade, global manufacturing competition has increased 
significantly. Consequently, the manufacturing industry in the United States 
has been undergoing some fundamental changes, including a move to low- 
cost, high-quality systems and a shift in focus from large business customers 
to diffused commodity market for customers of all sizes and types. The 
obstacle includes shortened product life cycle, high-quality product, highly 
diversified and global markets, and unexpected changes of technologies and 
customer needs. As a result the companies are heading toward vendor based- 
manufacturing, i.e., the manufacturers are trying to get most of the work 
done by the vendors so as to minimize the time-to-market.” 


The focus on customer-driven market, coupled with increased 
competition, requires fast updating of designs, flexibility in manufacturing 
systems, and responsiveness in production schedules. Two of the more 
important elements in today's changing environment are increased product 
sophistication and variation. To remain competitive, manufacturers must 
minimize total costs while being quick to develop and market new products. 


This involves integrating many diverse functional areas of an 
organization into a process of creating a better design when viewed across 
the entire product life cycle. One of the consequences of the demand for this 
integration of resources has been the necessity for teams of engineers, often 
from several areas and geographical locations, to work together over 
networks, supported by information and computer services. The major 
problem here is the integration of the various types of data involved in an 
enterprise and how to deal with this diversified data and information.” 
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12.2 Product Design and Development Process 


Product development is the process of creating a new product to be sold 
by a business or enterprise to its customers. Design refers to those activities 
involved in creating the styling, look and feel of the product; deciding on the 
product's mechanical architecture; selecting materials and processes; and 
engineering the various components necessary to make the product work. 
Development refers collectively to the entire process of identifying a market 
opportunity, creating a product to appeal to the identified market, and finally 
testing, modifying and refining the product until it is ready for production.'”* 


The task of developing evident products is difficult, time-consuming, 
and costly. Noteworthy products are not simply designed, but instead they 
evolve over time through countless hours of research; analysis; design 
studies; engineering and prototyping efforts; and finally, testing, modifying, 
and retesting until the design has been perfected.” 


The impulse for a new product normally comes from a perceived market 
opportunity or from the development of a new technology. Consequently, 
new products are broadly categorized as either market-pull products or 
technology-push products. With a market-pull product, the marketing 
department of the company first determines that sales could be increased if a 
new product were designed to appeal to a particular segment of its 
customers. Engineering is then asked to determine the technical feasibility of 
the new product idea. This interaction is reversed with a technology-push 
product. When a technical breakthrough opens the way for a new product, 
marketing then attempts to determine the idea’s prospects in the 
marketplace. In many cases, the technology itself may not actually point to 
a particular product, but instead to new capabilities and benefits that could 
be packaged in a variety of ways to create a number of different products.'*° 
With either scenario, manufacturing is responsible for estimating the cost of 
building the prospective new product, and their estimations are used to 
project a selling price and estimate the potential profit for the company. If 
the decision has been taken to outsource some of the components in the final 
product, the vendors come into direct consideration. The vendors become a 
part of the design team, as they will be contributing toward the final product. 
Hence, it is very important to consider the vendors’ involvement in the 
design process beginning from the initial stages of the design and 
development of the product. 
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12.2.1 Integrated Product Development (IPD) 


Very few products are developed by an individual working alone. It is 
unlikely that an individual will have ail the necessary skills in marketing, 
industrial design, mechanical and electronic engineering, manufacturing 
processes and materials, tool-making, packaging design, graphic art, and 
project management, etc. Development is normally done by a design team as 
an integrated approach. The team leader draws on talent in a variety of 
disciplines, often from both outside and inside of the organization. As a 
general rule, the cost of a development effort is a factor of the number of 
people involved and the time required fostering the initial concept into a 
fully refined product.” 


Integrated product development (IPD) practices are recognized as 
critical to the development of competitive products in today’s fast-paced 
global economy. Product development teams, particularly when team 
members are collocated, are a critical element of IPD practices to facilitate 
early involvement and parallel design of products and their processes. As a 
company grows larger and products become more complex, hierarchical 
organizations are established to master the increasingly large organization 
size, the technical complexity, and the specialization that evolves to master 
this complexity.'** This company growth also results in the geographic 
dispersion of people and functional departments. These factors inhibit many 
of the informal relationships that previously provided effective 
communication and coordination between functions. Functional departments 
tend to focus inwardly on functional objectives. This is often described as 
the functional bin. A hierarchical organization structure with enterprise 
activities directed by functional managers becomes incapable of 
coordinating the many cross-functional activities required to support product 
development as the enterprise moves toward parallel design of product and 
process and a focus on time-to-market. Product development teams (PDTs) 
are a way to address this complexity by organizing the necessary skills and 
resources on a team basis to support product and process development in a 
highly interactive, parallel collaborative manner.'”° 


12.2.2 The Principles of IPD 


Some of the basic principles and guidelines for an integrated product 


development (IPD) are listed below”: 


I. Understand Customer Needs and Manage Requirements. 
Customer involvement increases the probability of the product 
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meeting those needs and being successful in the market. Once 
customer requirements are defined, track and tightly manage those 
requirements and minimize creeping elegance that will stretch out 
development. 

2. Plan and Manage Product Development. 
Integrate product development with the business strategy and 
business plans. Determine the impact of time-to-market on product 
development and consider time and quality as a source of 
competitive advantage. 

3. Use Product Development Teams. 
Early involvement of all the related departmental personnel in 
product development provides a multifunctional perspective and 
facilitate the parallel design of product and process, reducing design 
iterations and production problems. Collocation improves 
communication and coordination among team members. 

4. Involve Suppliers and Subcontractors Early. 
Suppliers know their product technology, product application, and 
process constraints best. Utilize this expertise during product 
development and optimize product designs. 

5. Integrate CAD/CAM and CAE Tools. 
Integrated CAD/CAM/CAE tools working with a common digital 
product model to facilitate capture, analysis, and refinement of 
product and process design data in a more timely manner. Feature- 
based solids modeling, parametric modeling, and electronic design 
frameworks facilitate the downstream interpretation, analysis, and 
use of this product data. 

6. Simulate Product Performance and Manufacturing Processes 
Electronically. 
Solids modeling with variation analysis and interference checking 
allow for electronic mock-ups. Analysis and simulation tools such 
as FEA, thermal analysis, NC verification, and software simulation 
can be used to develop and refine both product and process design 
inexpensively. 

7. Improve the Design Process Continuously. 
Re-engineer the design process and eliminate non-value-added 
activities. Continued integration of technical tools, design activities, 
and formal methodologies will improve the design process. 


12.3. Collaborative Engineering Approach 


Engineering paradigm such as participatory design, concurrent design, 
and TQM all focus on teamwork. Participatory design supports cooperation 
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between users and system designers.* Concurrent engineering especially 
focuses on cooperation between design and production. TQM requires 
cooperation between all departments of an enterprise. Collaborative 
engineering is an innovative method for product development, which 
integrates the widely distributed engineers for virtual collaboration. The 
reasons for widely geographically dispersed teams are various, such as: 
locality of certain resources and competence, or perhaps different production 
costs. Computer modeling is used in the whole engineering design process 
resulting in virtual prototypes. The high edge technology is required to 
enssure real time, interactive engineering process. This includes high- 
performance workstations with advanced visualization and modeling 
software, high-speed networks for data transfer, compatible data exchange 
medium and appropriate standards including those for product data 
representation.” 


The need for integration continues when the design enters the 
preliminary and detail design phases. In the virtual, integrated, concurrent 
design environment, designers interact by sharing information and reaching 
agreements. By considering proper integration and interaction from the 
beginning, the problems with the final integration of activities will be 
significantly reduced. In this context, an integrated system is desired to 
reduce the overall design cycle time by eliminating the repetitive 
calculations to obtain optimum results.'* 


12.4 Role of Collaboration in IPD 


Collaborative engineering is considered to be important for any 
engineering company wishing to survive in the present market. The growing 
complexity of products and the design process has elevated the importance 
of efficient product design and development. The pressure for reducing the 
cycle time of product development, engineering, and manufacturing has 
made it necessary to improve the integration of these functions and to 
manage the interfaces. Collaboration is one of the central requirements for 
engineering today.” The shift from the traditional design and 
manufacturing paradigm to a new, virtual, and agile model is generally 
observed. The traditional model is the one with very limited information 
sharing, static organizational structure, and almost no cooperation among the 
competitors.” 
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Figure 12-1, Design scenario — Participants in design team are distributed 
geographically. Each presents his own viewpoint and software tool, but 
understanding of the process as a complete product is needed. 


12.5 Product Development Teams (PDTs) 
and Collocation 


Product development teams (PDTs) are formed with personnel from 
various functional departments to support different stages of development 
process including the production and services as shown in Figure 12-1. This 
early involvement will result in a complete understanding of all the 
requirements and a consensus approach to the design of both the product and 
its manufacturing and support processes.°’ Product development teams 
promote open discussion and innovative thinking resulting in superior 
products, more efficient processes, and, ultimately a more satisfied 
customer. The focus of the team is to satisfy the external customer’s product 
and support requirements as well as the internal customer (functional 
department) requirements related to factors such as producibility, cost, 
supportability, testability, etc. 
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Although PDTs require more resources early in the development cycle, 
the result will be not only superior designs, but also reduced resources over 
the life cycle of development, production, and support through reduced 
design iterations. The team approach will lead to greater commitment to the 
design and will result in a smoother transition to production.‘ 
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Manufacturing 
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Quality 
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Test 
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Figure 12-2. Collaborative team composition 


12.6 Effectiveness of PDT 


A key factor in the effectiveness of the PDT is the opportunity for 
regular interaction among team members and working together as a true 
team. If a team only meets periodically much as a committee would, 
interaction, working relationships, collaboration, and effectiveness are 
limited. The majority of potential communication among team members 
regarding a product development effort is informal. The physical proximity 
of an “expert” in another discipline will trigger asking a question and 
seeking or sharing information. Collaboration not only facilitates this 
communication but also improves the nature of working relationships and 
leads to a more streamlined development process. This improved informal 
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communication and coordination accelerates development activities and 
truly enables a parallel mode of development.”! 


The important stage of collaboration is breaking down barriers between 
departments that result in throwing designs over the wall. As personnel have 
an opportunity to interact and develop relationships, issues and questions can 
more easily be resolved. Personnel learn of other expertise and there is a 
greater opportunity to take advantage of “hidden knowledge.” 


As the organization moves toward implementing PDTs, the closer 
proximity of the functional departments makes it easier for the team 
members to work together and coordinate activities. As individuals are 
working on a day-to-day basis in close proximity, they have an opportunity 
to develop a close working relationship that improves overall team 
dynamics. This enhances the frequency and quality of communication. There 
is greater opportunity for feedback and discussion.’” Team members can 
respond more rapidly to issues and initiate process tasks more quickly. 


12.7 Product Design in a Collaborative Environment 


As described in Section 3, the product design requires team efforts and it 
cannot be initiated and completed by an individual single-handedly. 
Currently industry recognizes the need for overlapping of tasks to reduce the 
design cycle time. Any product development activity starts with the 
development of a product model. This product model is utilized for design 
analysis manufacturing feasibility, etc. In a collaborative environment, the 
product model representation should capture all the geometric and 
technological information, which would be required for further analysis. The 
visual representation is usually developed in CAD packages and the 
technological data such as surface roughness, material, etc. should be closely 
associated with it.”” This will help the designers to easily access and modify 
the information at every stage of the development process.” 


In a traditional paradigm, engineering occurs in a sequential manner. 
Design must occur largely before manufacturing; testing must occur after 
manufacturing has started but before full-scale production is undertaken. 
However, collaborative engineering is based on the observation that there is 
no necessary condition forcing that expertise to occur only at the required 
stage. In most cases, experts from several fields are absolutely essential at 
every stage of product development. There is a need to provide a variety of 
expertise concurrently in each stage of a sequential process. These experts 
are grouped in different teams. Each team is responsible for its respective 
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contribution throughout the process. One should not interpret the term 
expert as a consultant. These are the active members throughout the 
development process. With these concurrent experts, we can begin to 
parallelize tasks. Doing engineering tasks in parallel tends to shorten lead- 
times, which improves the overall efficiency of the product development 
process.*° 


For a reduction in product development cycles, it is necessary to capture 
complete product model information that can be utilized by product design 
modules for further processing. Also, the product models should be 
accessible to geographically dispersed product developers (i.e., designers 
and process planners) as well as remotely located product design modules. 
This necessitates a collaborative integrated framework that can meet the 
need for this increased agility in production organizations.“ 


12.7.1 Collaborative Marketplace 


A major problem in achieving effective and timely product designs and 
product innovations has been the long design and product development 
process. The long design development process can be attributed to the need 
for many design iterations and problems typically solved with meetings and 
many phone calls. Many times, work is accomplished in informal 
collaboration, where the emphasis is on exploration of the ideas, compared 
to formal collaboration, which mostly consists of confirming designs that are 
brought to the meetings. However, traditional collaboration is geographically 
limited. Colleagues are not easily able to collaborate and exchange their 
ideas if they are situated in different locations. 


The collaborative marketplace has been evolving over the last 15 years, 
delivering technologies that enable coordination and information sharing, 
virtual meetings, and more recently virtual collocation. The promise of these 
technologies is to improve organizational ability to collaborate, coordinate, 
and share information in order to facilitate inter- and intra-organizational 
teamwork.'®? While these new collaborative media promise to reduce cost 
and time of information exchange, they have implications for collaborative 
design processes. The need to bring together the process of collaboration and 
computing has led to the development of various collaborative systems. A 
major purpose of using collaborative systems is to have meaningful 
interactions with other people. Such interaction richness can be achieved 
when barriers of space, time, and media/document formats are overcome 
when interacting with others. This includes the ability to talk, see, write, and 
draw in both a synchronous and asynchronous manner, access to relevant 
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information, archiving of interactions for future review, and debate of issues 
on a global basis. 


Communication between different members of a design team is a 
notoriously difficult problem, especially at the early stages of the design 
process. A recurrent problem in many design domains is communication 
between members of the design team involved in the different stages of 
concept creation, embodiment and detail design, fabrication, and production. 
It is frequently the case that misunderstandings arise that incorrect and/or 
incomplete specifications are passed from one team to another and that 
errors or inconsistencies in the design are discovered at late stages of the 
process. Sometimes design problems are resolved by production or technical 
staff. But further re-corrections may be too late or too costly to attempt. A 
response to this problem has been to develop broader, more integrated 
teams, and the introduction of the “collaborative design process.” The 
communication problem in design teams has also been addressed by the 
development of computer-based models of the elements being designed. 
Such models allow simultaneous access by different members of the team, 
and the element design evolves through collaborative input and evaluation 
from all members of the team. 


In an organization for which the design team is geographically 
dispersed, it is necessary to provide a medium to interlink their data or work. 
Nowadays with the advent of World Wide Web applications it is possible to 
transfer the data or link the design team members. But there are still 
numerous problems involved in integrating different software with different 
operating platforms. 


12.7.2 Collaborative Approach 


Collaborative engineering (CE) is the systematic approach to the 
integrated, concurrent design of products and related processes, including 
manufacturing, product service, and support. This approach is intended to 
cause the developers to consider all elements of the product life cycle from 
conception through disposal, including quality, cost, schedule, and user 
requirements. The objective of collaborative engineering is to reduce the 
system/product development cycle time through a better integration of 
resources, activities, and processes. 

The basic principle of CE is the integration of methodologies, 
processors, human beings, tools, and methods to support product 
development. CE is multidisciplinary in that it includes aspects from 
knowledge-based systems, hypermedia, database management systems, and 
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CAD/CAM. Collaborative engineering involves the interaction of diverse 
group of individuals who may be scattered over a wide geographic range. To 
enable effective and complete communication among them, there are certain 
technological concepts that must also become organized into concurrent 
layers. Distributed information sharing and cooperative work are important 
techniques to provide a basis for it. 


For a CE approach to be effective there must exist a strong level of 
communication between the developers and end-users. In the context of CE, 
a customer is both internal and external to the development process. Each 
member of the CE staff is an internal customer for intermediate products 
during development.’ CE advocates an integrated, parallel approach to 
design. By paying attention to all aspects of the design at each phase, errors 
are detected prior to being implemented in the product. The integrated 
design process must include a strong information sharing system, an iterative 
process of redesigns and modifications, trade-off analysis for design 
optimization, and documentation of all parts of the design. Integration of 
computerized systems largely enhances the benefits of CE with automatic 
knowledge capture during the development and lifetime management of a 
product, and automatic exchange of that knowledge among different 
computer systems. 


12.8 Integrated Product Design and Development in a 
Collaborative Environment 


The design teams and vendors operate in different environment. Hence, it 
is necessary to take into account the vendors and the design teams as a whole 
system. The design problems are decomposed into models such as physical 
components, parametric models, or analysis procedures. The important 
aspect of the proposed framework is an integration of these models used 
during the design process in the collaborative environment. Thus, the 
proposed collaborative framework allows the integrated model to revise with 
any changes made by individuals in the models involved. The individual 
does not have to analyze the scenario repeatedly, for every change in design 
variables and validate it for each instance. This framework allows the 
designer to collaborate with the vendors, and other team members to 
speedup and optimize the design process considering the relationship within 
these models.’ Parametric modeling is introduced to take its advantages 
of quicker response, accuracy, consistency, documentation, etc. 
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The proposed framework is shown in Figure 12-3. It is composed of four 
basis phases: 
1. Analysis tool, 
2. Collaborative environment, 
3. Optimization module, and 
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Figure 12-3. Data and information flow in the integrated system 


The analysis phase consists of user interface and analysis tool. With the 
design variables entered by the user, a design problem is defined with the 
ModelCenter® wrapper file. The design problem is then analyzed with the 
analysis tool to generate the decision variables and alternatives. These 
alternatives are then further analyzed along with the optimization criterions. 
The vendors contribute to the design process by providing detailed 
specifications for their components in the form of databases. These 
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databases are converted into the replaceable modules, which all together 
contributes to a catalog. 


The Optimization tool maps these replaceable modules from the catalogs 
for every instance and places them in the current design alternative, untill a 
suitable match is found. The optimization module selects the components 
from the catalogs and sends them to the user interface as results. This gives 
the user the detailed specifications for product and its elements. These 
specifications are the parameters obtained from the catalogs, which gives the 
optimum configuration of components based on the given design variables.” 


Another important module of the framework is parametric CAD 
modeling. The parametric models for different components are created. The 
results obtained from the optimization module are used to create the 3D solid 
models of each element in the system. The term parametric means 
“controlled by parameters,” that is, equations or rules. These CAD models 
assist the designer to visualize the interaction of the components for a given 
configuration. An automated design dramatically reduces the time spent 
generating the results for several alternatives. It also serves as a basis for 
generating detailed documentation for manufacturing.” 


12.8.1 System Structure and Components 


The product architecture defines the product in the primary functional 
systems, subsystems, and how they interact so as to work as a unit. The 
architecture of the product, i.e., the way it is decomposed into systems and 
subsystems, and their integration, impacts a number of important attributes 
such as standardization of components, modularity, options for future 
changes, ease of manufacture, etc. With outsource components, the supplier 
may contribute much of the associated design and engineering. The early 
involvement of the suppliers, with outsource components and engineering, 
can affect the quality and the speed of the development process. In the detail 
design the necessary engineering is done for every component of the 
product. During this phase, each part is identified and engineered. 
Tolerances, materials, and finishes are defined, and the design is 
documented with drawings or computer files. Considering the recent trend 
among the manufacturers and developers to generate three-dimensional solid 
models of the components, solid models of components and their assemblies 
are created. Three-dimensional computer models form the core of today's 
rapid prototyping and rapid manufacturing technologies. Once the detailed 
specification of components is prepared, prototype components can be 
rapidly built on computerized machines such as CNC mills, fused deposition 
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modeling devices, or stereolithography systems and other prototyping 
techniques. 


A collaborative approach for design of a single-stage speed reducer with 
a pair of spur gear is explained using the proposed framework. The design 
problem is composed of analysis of geometric details, overall performance, 
and optimization (compact design) and their interdependency.'”? The design 
decomposition and different elements of the system are shown in Figure 12- 
4. 
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Figure 12-4, Product decomposition 


12.8.2 Collaborative Environment 


The Collaborative environment is the integration of all the modules and 
the catalogs in the system.’ The ModelCenter is used as a service protocol, 
which connects different modules and catalogs keeping the corresponding 
relationship as shown in Figure 12-5. The file wrappers are created to link 
the input data file (user interface) and the analysis tool. Once the analysis 
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tool calculates the preliminary parameters, the file wrapper updates the 
values for the optimization module. The results of optimization are returned 
to the user interface where the user can comprehend these for further 
development. At the same time this set of results is also sent to the CAD 
modeling module. Solid models are automatically generated for different 
components of the product 
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Figure 12-5. ModelCenter® (relationship and connection among the 
modules) 


12.8.3 Analysis Phase 


The analysis phase as described earlier is composed of user interface as 
shown in Figure 12-6. The user interface provides the designer the choice to 
select or manipulate the design variables and also to comprehend the results 
after analysis. The provision is made to manipulate the results for specific 
condition(s) (such as selecting different material, gear, etc.). Another 
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important part of this phase is the analysis tool. This would be an 
application on the standalone station of the design and validation 
engineering department. The analysis tool is introduced to set the decision 
variables and their evaluation. This application anatomizes the design 
problem defined by the user and gives the feedback in terms of the load 
characteristics and the performance requirements for different elements in 
the system. The analysis tool is linked with the user interface through the 
ModelCenter® file wrapper utility. 
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Figure 12-6. User interface with design variables, results obtained, 


and the solid model for one of the components 


12.8.4 Optimization Phase 


The preliminary results obtained from the analysis tool are used as a base 
for optimization. These results give theoretical values for the parameters that 
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are acquired from empirical relations. The optimization model is developed 
to get the configuration with the smallest possible size. The relationships are 
imposed between the design variables from the design problem and the 
constraints from the modules. The optimization tool runs an_ iterative 
procedure. Each time the modules from the catalogs are called and put into 
the current design instance. This procedure runs until the design objective (in 
this case to have a compact size gearbox) is satisfied. In some cases multiple 
results are possible. If this is the case, different results are considered as 
alternatives and they are re-evaluated with the optimization tool. 


12.8.5 Parametric CAD Modeling 


The results obtained from the optimization are used to create the CAD 
models. The parametric models are created for each component in the 
system. Once the optimization module generates the results, they are 
conveyed to the parametric models in the CAD system. On getting these 
results, the CAD tool is initialized and the models are created automatically. 
The solid models of the components are generated and can be displayed at 
the user interface in picture format. This gives the designer chance to 
visualize the different alternatives and the optimum configuration of the 
component. These CAD models as a repository can further be used for FEA 
analysis, NC code generation, manufacturing documentation, reuse for new 
products, and several other applications. 


12.8.6 Advantages of the System 


The framework provides the means of integrating software tools that 
enables the designers to foresee the overall product and enterprise fulfillment 
during development phases. It will reduce the time required for repetitive 
analysis for different alternatives. Thus the designer can evaluate more 
alternatives and obtain the optimal solution. This integrated system allows 
the designers to participate in the design process irrespective of geographical 
location. The developed system provides the capability for design of 
templates for catalog-based design. The vendor can participate in the 
development process with their items as catalogs. The optimization phase 
offers the designers to evaluate different alternatives and the tradeoffs. 


Some of the advantages of the system are: 
e The system allows the integration of design process with the sub- 
systems at different location and the optimization of different 
elements. 
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e Rapid analysis of possible alternatives with optimally balanced 
requirements. 

e =F lexibility of change, extension, revision and reuse of models. 

e Provides the data for the generation of manufacturing documentation. 
The developed framework is only the design part of the complete 
Collaborative Product design and life cycle assessment. 


The future work includes the use of generated models in the further cycle. 
It may include the tasks such as to automatically generate process plans, 
shop drawings, bills of material, machine-control (CNC) code, shop 
assignments, and documentation for other pieces of the manufacturing 
process. 


12.9 Summary 


Today’s manufacturers encounter various difficulties involved in the 
product development process and that must be overcome for international 
competitiveness. The obstacle includes shortened product life cycle, high- 
quality product, highly diversified and global markets, and unexpected 
changes of technologies and customer needs. If there are delays in the 
development, you run the risk of losing revenue to your competition. Also 
the companies are heading toward vendor based-manufacturing, i.e., 
manufacturers are trying to get most of the work done by the vendors so as 
to minimize the time-to-market. Hence it is essential to utilize a computer- 
aided system in designing, manufacturing, testing, and distributing the 
products to minimize time-to-market. 

For the integration of information at every stage of product 
development, collaboration technology is needed for cooperative work. As 
the assistant of the design and development of new products, integrated 
design technology plays a very important role. The framework described in 
Section 6 confirms design assumptions and predicts product performance in 
the early stages of the design process. This results in a faster product 
development cycle—with lower associated costs—achieved by eliminating 
the need to constantly build, test, and redesign. 


12.10 Problems 


12.1. Define collaborative engineering. 
12.2. What is the importance of collaborative engineering? 
12.3. Discuss product design and development process. 


12.4. 


12.5. 


12.6. 
12.7. 


12.8. 


12.9. 


12.10. 
12.11. 


12.12. 


12.13. 
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Explain in detail how the integrated product development can be 
involved in the collaborative engineering environment. 

What are the basic principles and guidelines for integrated product 
development? 

Describe briefly the collaborative engineering approach. 

How can integrated product development phase be integrated 
through collaborative engineering? 

What is the role of product development teams in the collaborative 
engineering environment? 

How can the product development teams be efficient in the 
collaborative engineering environment? 

Discuss the product design in collaborative engineering environment. 
The collaborative marketplace has been evolving over the last 15 
years, delivering technologies that enable coordination and 
information sharing, virtual meetings, and more recently virtual 
collocation. Discuss this statement and show how collaborative 
marketplace should be effective in the collaborative engineering 
environment. 

Disuses data and information flow in the integrated system presented 
in this chapter. 

Explain how the product decomposition is essential in the 
collaborative approach. 


12.14. Describe briefly the ModelCenter® as a tool of achieving relationship 


12.15. 


and connection among the modules of the collaborative approach. 


List the advantages of the collaborative system addressed in this 
chapter. 
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